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Development of efficient methods for the destruction of solid wastes and 
recovery of valuable resources is needed to support long-duration manned 
missions in space. In particular, these technologies are required for deployment in 
hypogravity and microgravity environments, such as at the lunar  or Martian 
surfaces.  Gradient Magnetically Assisted Fluidized Bed (G-MAFB) technology is 
under development in this study to serve as an operating platform for fluidized 
bed operations in the space environments. The G-MAFB technology has been 
specifically tailored for microgravity, hypogravity and variable gravity operating 
conditions.  In addition, this study also focuses on the feasibility of the G-MAFB 
operation as a renewable filter used in the solid waste destruction process. 
The fluid dynamic behavior of the G-MAFB in a non-uniform magnetic field 
is experimentally observed in this study. The magnetic field is designed to have  a 
stronger field intensity at the bottom of the bed, and gradually decreases toward 
the top of the bed. The magnetic field gradient is kept constant throughout the 
Redacted for Privacybed.  This change in the magnetic field strength along  the fluidization column 
varies the magnitude of the magnetic force, Fm, from the bottom to the top of the 
column.  As a result, the particle holdup,  or inversely the bed voidage, at any 
location varies along the column to reflect the equilibrium  of all the forces involved 
(drag force, gravitational force, buoyancy force, and magnetic force). 
These experimental investigations covering four  different magnetic field 
gradients, (dHz/dz-=-14,663 A/m/m, -18,289 A/m/m, 20,543 A/m/m and 33,798 
A/m/m) and three different fluid flow rates (Uo=  0.0176 m/s, 0.0199 m/s and 
0.0222 m/s) have revealed that increases in magnetic field gradient and magnetic 
field intensity result in the decrease in height of the fluidized bed, and therefore, 
in the decrease of bed voidage. The experimentally  observed dynamic pressure 
drop .Pf(d)  is measured, and then converted to the bed  voidage.  A Two-
Continuum Phase (TCP) method mathematical model, based  on the equations of 
motion and the equations of continuity for both liquid  and solid phases, is 
developed with the help of Discrete  Particle Method (DPM) algorithms to 
theoretically evaluate the voidage distribution in the G-MAFB.  Experimentally 
obtained bed voidage data in both, laboratory experiments (1g)  and on board of 
the NASA KC-135 aircraft (0g) indicate good agreement with the proposed model. 
As part of an effort to apply the G-MAFB in the solid  waste destruction 
process in a closed-loop life support system, a series of filtration experiments is 
conducted using the G-MAFB with a fixed magnetic field  gradient of -38,817 
A/m/m and the flow velocities varying between 0.0054 and  0.0134 m/s.  The 
biomass waste particles suspended in an aqueous stream are recirculated between a holding tank and the G-MAFB, and the particulate concentration in the holding 
tank is monitored by changes in optical density of the suspension. A mathematical 
model describing the filtration of micron-sized solid waste particles from  a liquid 
stream is developed.  The experimental data are in good  agreement with the 
model predictions. © Copyright by Thana Sornchamni
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1-1  Viscosity of the fluid phase  [N s/m2] 
X  Particle magnetic susceptibility 
Friction coefficient defined in Equation (2-5) 
a  Constant defined in Equation (4-16) 
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CHAPTER 1
 
INTRODUCTION
 
1.1  Thesis overview 
Magnetically Stabilized Fluidized Beds (MSFB) are among the most recent 
and novel chemical engineering developments in the area of fluid-solid contacting 
operations.  The  fluid  dynamic  characteristics  and  the  stability  of MSFB 
performance in  a uniform magnetic field have been investigated by several 
researchers. Rosensweig (1979), Rosensweig et al. (1983), and Conan (1996) 
proposed mathematical models to predict the stability of the MSFB in a uniform 
magnetic field.  Hristov (1996) also studied the effect of field line orientation on 
the stability of a bed of ferromagnetic particles. In addition, Arnaldos et al. (1985) 
and Wu et al. (1997) studied a MSFB containing a mixture of magnetic and non­
magnetic particles. Table 1.1 summarizes the most relevant studies of the MSFB. 
Normally, the fluidization  conditions are based on the balance of 
gravitational, buoyancy, and drag forces. In the absence of normal gravity, or 
under microgravity and variable gravity conditions, the gravitational force must be Table 1.1  Summary of the studies of magnetically stabilized fluidized bed 
Author 
Graham, L, J. 
(1998) 
Rhee, Brian K. 
(1998) 
Al-Mulhi 
(1995) 
Wu W.Y. et al. 
(1997) 
Conan J. Fee 
(1996) 
Jordan Y. 
Hristov 
(1996) 
Zhu Qingshan 
Hongzhong Li 
(1995) 
Particles 
a) Alginate-ferrite 
a) Alginate-ferrite 
+ active carbon 
+ active 
a) Iron 
b) Copper 
a)Poly-Acrylamide-
Magnetic (PAM) 
b) Calcium 
Alginate-Magnetic 
(CAM) 
a) Magnetite 
b) Iron Powder 
c) Fe Catalyst 
a) Reduced iron 
powder (Fe) 
b) a -Fe() (OH) 
c) SiO2 
Density 
[Icg/m3] 
1,173 
1,515 
7,831 
8,920 
1,800 
1,200 
5,200 
7,800 
7,810 
3,290 
2,490 
Size 
[im] 
2,000 
3,000 
1,416 
935 
100-400 
100-200 
200-315 
12.92 
7.02 
13.56 
Fluidization
 
System
 
Liquid-Solid 
Liquid-Solid 
Gas-Solid 
Liquid-Solid 
Gas-Solid 
Gas-Solid 
Type of
 
Magnetic
 
Field
 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Uniform 
Type of study 
Dechlorination of p-

Chlorophenol on Bimetallic
 
Pd/Fe Catalyst in a MSFB
 
Enhancement of Mass
 
Transfer Coefficient in A
 
Three-Phase MSFB
 
Enhancement of Mass
 
MSFB
 
Hydrodynamic
 
Characteristics of Magnetic
 
and Non-magnetic Particles
 
The Stability of The Liquid-

Fluidized Magnetically
 
Stabilized Fluidized Bed
 
The Effect of Field Line 
Orientation on Bed Stability 
Study on Magnetic
 
Fluidization Behavior of
 
Group C Powders
 
N Table 1.1  Summary of the studies of magnetically stabilized fluidized bed (Continued) 
Author  Particles  Density 
[Icg/m3] 
Size 
[p.M] 
Fluidization 
System 
Type of 
Magnetic 
Field 
Type of study 
Saxena S.C. 
S. Shrivastava 
(1991) 
a) Steal Shots 
7,029 
262 
624 
1,491 
Gas-Solid  Uniform 
Hydrodynamic investigation 
of the MSFB 
Siege II J.H. 
(1987) 
a) Composite of 
Non-Magnetic with 
Stainless Steel 
b) Stainless Steel 
2,700 & 
1,900 
7,750 
Liquid-Solid  Uniform  Liquid-fluidized magnetically 
stabilized beds 
Arnaldos, J. 
et al. 
(1985) 
a) Steel 
b) Nickel 
c) Copper 
d) Silica 
7,500 
5,870 
8,890 
2,670 
350-420 
177-400 
350-420 
630-890 
Gas-Solid  Uniform 
The stability of the mixture 
of magnetic and non­
magnetic particles 
Rosensweig et 
al.  (1983) 
a) Ceramic Ferrite  1,880  Gas-Solid  Uniform  The mechanics of 
the MSFB 
Rosensweig 
(1979)  Gas-Solid  Uniform  The stability of the MSFB 
U.) 4 
replaced by an alternative force to restore fluidization.  To reinstate fluidization 
conditions in the absence of gravity using magnetic forces, ferromagnetic solid 
phase media and a non-uniform magnetic field are required. Table 1.2 summarizes 
the recent studies of a magnetically fluidized bed in a gradient magnetic field. Our 
work has shown that, given a suitable variable field design, the resulting magnetic 
field gradient can create sufficient magnetic force acting upon the ferromagnetic 
particles to replace or supplement the gravitational force. Furthermore, the 
magnetic force can be put to work in ordinary fluidized beds to enhance or create 
new operational features, and thus create a degree of freedom that can be 
creatively used to control the operation of the bed. We term this variation of 
MSFB as a Gradient Magnetically Assisted Fluidized Bed (G-MAFB). 
In our study, the feasibility of using the G-MAFB in  a microgravity 
environment is considered. To accomplish this task, the magnetic field inside the 
fluidization column must be changed from a uniform to a non-uniform magnetic 
field. The magnetic field gradient creates a magnetic force on ferromagnetic 
particles, replacing the gravitational force, and hence, the fluidization conditions 
can be restored. 
In the G-MAFB fluidization, forces acting on the particles are composed of 
the drag force, the gravitational force, the magnetic force, and the buoyancy 
force. These forces must be in balance to maintain stable fluidization.  The 
gravitational force and the buoyancy force are dependent on the density and the 
volume of fluidized particles. The drag force is a function of the relative velocity Table 1.2  Summary of the studies of magnetically fluidized bed in a non-uniform magnetic field 
Author 
Jovanovic, G.
 
et al. (2003b)
 
Sornchamni,
 
T.
 
et al. (2003)
 
Jovanovic, G. 
et al. (2003a) 
Espinoza, J. 
(2002) 
Jovanovic, G. 
et al. (1999) 
Particles 
a) Alginate-Ferrite 
b) Alginate -ZrO 
c) Alginate-Ferrite 
a) Alginate-Ferrite 
a) Alginate-Ferrite 
a) Alginate-Ferrite 
b) Alginate -ZrO 
a) Alginate-Ferrite 
Density 
[kg/m3] 
1,340 
1,430 
1,440 
1,440 
1,119 
1,302 
1,502 
1,090 
1,340 
1,430 
Size 
[mm] 
1.84 
1.84 
2.5, 3.5 
2.5, 3.5 
2.2 
2.5 
2.4 
1.5 
1.84 
1.84 
1.5,2. 
4.94' 
Fluidization
 
System
 
Liquid-solid 
Liquid-solid 
Liquid-solid 
Liquid-solid 
. .  .
Liquid-solid 
Type of
 
Magnetic
 
Field
 
Non­
uniform 
Non­
uniform 
Non­
uniform 
Non­
uniform 
Non­
uniform 
Type of study 
Development of enabling 
technologies for 
magnetically assisted 
gasification of solid wastes 
Biomass waste filtration 
experiments in liquid-solid 
magnetically assisted 
fluidized Bed (MAFB) 
Study the behavior of non­
uniform magnetic fluidized 
bed and Voidage distribution 
Dynamic behavior of 
ferromagnetic particles in a 
liquid-solid MAFB 
Magnetically assisted 
gasification of solid waste 
Lii 6 
of fluid and particles and the viscosity of fluid, as well as, the diameter of particles 
and bed voidage. The magnetic force is not only dependent on the magnetic field 
gradient,  but also on the magnetic  field  intensity and on the magnetic 
susceptibility of particles.  In the experimental investigation in this study, the 
magnetic field is designed to have a stronger field intensity at the bottom of the 
bed, and decreases gradually-linearly toward the top of the bed. This change in 
the magnetic field strength along the fluidization column varies the magnitude of 
the magnetic force from the bottom to the top of the column. As a result, the 
particle holdup at any location varies along the column to reflect the equilibrium of 
all of the forces involved. 
The nature of the magnetic forces produced in conventional MSFB versus 
G-MAFB systems is quite different.  In MSFB systems, the externally applied 
magnetic field intensity is uniform within the column, and the magnetic force that 
appears in this bed is only the magnetic force between the particles. On the other 
hand, in G-MAFB systems the magnetic field intensity within the fluidization 
column varies from the bottom to the top of the bed.  In addition to the 
interparticle magnetic forces, the magnetic field and field gradient produce a direct 
force acting upon all ferromagnetic media. This is the first study, to the best of 
our knowledge, which takes into account both types of magnetic forces in the 
modeling of magnetically assisted fluidized bed. The application of suitably 
designed magnetic field gradients makes feasible a fluidization operation in the 
absence of gravity or a creative enhancement of fluidized bed performance in 
normal or variable gravity. The possibilities for the development of gradient 7 
magnetically assisted fluidized bed space-flight applications include Advanced Life 
Support  ALS and In Situ Resource Utilization  ISRU (Jovanovic et al., 1999), 
energy conversion, and various chemical and biochemical reaction processes. 
1.2  Goals and objectives 
The main goals of this study are as follows: 
1.	  to gain new knowledge of fluidization fundamentals related to external 
and interparticle magnetic forces, 
2.	  to  expand  fluidized  bed  applications  (unit  operations,  chemical 
processes and  bio  processes)  to the space environment where 
microgravity is the most predominant operating factor, 
3.	  to develop a new paradigm for investigating fluidized bed fluid dynamic 
behavior  (including  interparticle  forces)  by  implementing  two 
investigative approaches; the Discrete Particle Method (DPM) and the 
Two-Continuum Phase (TCP) method. 
To accomplish these goals, the following objectives have to be realized: 
1.	  design and construct the magnetically assisted fluidized bed, 
2.	  produce and characterize ferromagnetic particles suitable for the G­
MAFB demonstration application, 8 
3.	  investigate the fluid dynamic behavior of the G-MAFB, and measure the 
variation of the bed porosity in the axial direction under different 
experimental conditions, 
4.	  develop a model that can predict the voidage distribution in axial 
directions as a function of process parameters, such as the magnetic 
field and its gradient, particle properties, fluid properties, and flow 
conditions, 
5.	  perform a filtration experiment for particles of interest for NASA's 
advanced life support program, 
6.	  develop a filtration model that can predict the performance of the 
filtration operation in both Og and lg environments. 
Voidage distribution in the G-MAFB is of primary interest because voidage 
is the most important parameter among all  fluidization parameters, and  it 
fundamentally determines fluidized bed performance. The degree of consolidation 
or fluidization of ferromagnetic media can be controlled by the magnetic force. In 
the study of the voidage distribution, we propose that the Discrete Particle Method 
(DPM) approach can be used as an investigative tool for the Two-Continuum 
Phase representation of fluidized beds. We do not consider DPM and TCP as two 
competing modeling approaches but rather as two complementary synergetic 
methods of representation of fluidized beds.  We demonstrate this synergetic 
relationship by using DPM as an investigative tool for the advancement of the 
Two-Continuum Phased fluidized bed representation. This approach is particularly 9 
helpful in incorporating interparticle forces into consideration of operating behavior 
of fluidized beds.  Interparticle forces are a topic that is particularly hard to 
address within the TCP. We also propose the G-MAFB as a promising operating 
platform for fluidized bed operations in the space environment by demonstrating 
the practical implementation of the G-MAFB in the filtration and destruction of 
solid biomass waste particles from liquid streams. 10 
CHAPTER 2
 
THEORETICAL BACKGROUND
 
Fluidization is the process by which a bed of solid particles is transformed 
into a fluid-like state by suspension in  a gas or liquid. When a fluid is passed 
through a bed of particles at a low flow rate, the fluid will move through the void 
spaces between particles without affecting the structure of the bed (fixed bed).  If 
the fluid flow increases, the particles will start rearranging  their positions with a 
few vibrations and the height of the bed will slightly increase. At an even higher 
velocity, a point is reached where the friction forces between the  particles and 
fluid counterbalance the buoyant weight of all particles in the bed. This point is 
referred to as an incipient fluidization (Kunii and Levenspiel, 1991).  This simplified 
picture of the incipient fluidization does not include  any secondary and tertiary 
factors such as momentum transfer at the distributor plate, friction losses at walls, 
etc. 
Liquid-solid fluidization  in the MSFB has limited importance from an 
industrial point of view. A number of studies and research projects  (Burns and 
Graves (1985,1986), Terranova and Burns (1990), and Siegel! (1987)) have  been 
performed to improve fluidization  operations for various possible  industrial 
applications.  It is particularly interesting to note that the studies by Al-Mulhim 
(1995) and Rhee (1998) showed that the  mass transfer coefficient for MSFB 
systems could be greatly enhanced in a liquid-solid fluidized bed. This fact may 11 
substantially influence the operation of, for example, fluidized bed bioreactors with 
immobilized cells. 
However, no study of liquid-solid fluidization has ever been conducted in 
microgravity or variable gravity conditions (e.g., Space Station, interplanetary 
travel, Moon or Mars). The possibilities for the development of fluidized bed 
applications in space may include Advanced Life Support Systems (Jovanovic et 
al., 1999), In Situ Resource Recovery, biochemical reaction processes, and energy 
conversion. This study, therefore, focuses on: a) liquid-solid fluidization in the G­
MAFB with constant gradient magnetic field, and b) the feasibility of fluidization 
operation in the absence of the gravitational field. The bed voidage, which is one 
of the most important fluid dynamic parameters for predicting performance of the 
fluidized bed reaction process or unit operations,  is the focal point of the 
experimental and modeling work. 
In either conventional fluidized beds or magnetically stabilized fluidized 
beds, the fluidization conditions result from the interaction of forces acting  on 
fluidized particles. This can be illustrated through a balance of three characteristic 
forces, the gravitational force, Fg, the buoyancy force, Fb, and the drag force, Fd, 
as shown in Figure 2.1. 
The equilibrium of forces in Figure 2.1 represents the fluidization condition 
in the region that is far enough from the distributor plate or wall of the fluidization 
column. At the distributor plate, the fluid jets transfer momentum to the particles, 
while at the walls, momentum is transferred from particles to the fluidization 12 
column.  These effects are eventually, through collision of particles, distributed 
throughout the bed. In this study, we do not explicitly address these phenomena. 
Fluidized particle 
Fluid flow 
I 
Figure 2.1  Balance of forces acting on a fluidized particle in a 
conventional fluidized bed (liquid media-solid particles). 
However, magnetic force can be added to this balance of forces.  The 
magnitude and orientation of this force depends primarily  on the orientation, 
strength and gradients of the field as well as on the magnetization properties of 
the fluidization particles.  Figure 2.2 schematically illustrates one such example. 
Simple quantitative analysis of these forces shown in Figure 2.2 points to some 
obvious consequences.  For example, to sustain the same quality of fluidization 
(i.e. similar voidage distribution), one has to increase fluid velocity in order to 
create sufficient drag force to balance the magnetic force.  This, in turn will 
increase the relative velocity of particles and fluid, which should increase  mass 
transfer (Al-Mulhim, 1995) between particles and fluid. l3 
Fluidized particle
 
Fluid flow
 
Figure 2.2  Balance of forces acting on a ferromagnetic 
fluidized particle in a gradient magnetically fluidized bed (liquid 
media-solid particles). 
Moreover, under microgravity conditions where the gravitational force is no 
longer significant, the drag force still acts on fluidized particles as shown in Figure 
2.3a. Under these conditions the balance of forces no longer exists, and the 
particles in the fluidized bed will immediately be swept away in the direction of the 
fluid flow.  Fluidization conditions can be restored by introducing an additional 
force, such as a magnetic force, Fm, to reinstate the balance of forces on the 
fluidized particle. Such a magnetic force acting on the ferromagnetic particles can 
be created simply by placing magnetically susceptible particles into a non-uniform 
magnetic field, as shown in Figure 2.3b. 14 
Particle velocity
 
vector (V)
  Composite particle containing 
Fd  ferromagnetic material  rd 
g = 0  g = 0 
ZZZZZZZ  ZZZZZZZZZ dH/dz = 0 Mg  dH/dz # 0 
v  Fluid flow 
' *"!Zalitte"  velocity vector  V- 11 = 0 
Magnetic field 
gradient vector 
Figure 2.3  Balance of forces acting on a fluidized particle 
containing ferromagnetic material in a) a fluidized bed in 
microgravity in the absence of a magnetic field, and b) a gradient 
magnetically assisted fluidized bed in microgravity. 
Voidage distribution throughout the bed reflects the influence of all the 
above-mentioned forces, and therefore, lends itself as a suitable tool for the 
investigation of G-MAFB fluid dynamic phenomena.  In gradient magnetically 
assisted fluidization, the forces acting on fluidization particles are the drag force, 
the gravitational force, the external magnetic force, and the buoyancy force. 
These forces must be in balance at the fluidization condition.  Aside from this 
external magnetic force, which is created in the interaction between an external 
gradient magnetic field and magnetically susceptible particles, there are also 
interparticle magnetic forces.  Interparticle magnetic forces are created between 
magnetized particles and they depend on the characteristics of the magnetic field 
and  particles.  Simply magnetized particles can attract or repel each other 
depending on their magnetizations and relative positions.  It is interesting to note 15 
that the interparticle magnetic forces can be created even in the uniform external 
magnetic field, in which the external magnetic forces cannot be established (VH=0 
and F,=0). Furthermore, the resultant  local  average value of interparticle 
magnetic forces acting on any given particle in the bed is zero.  One of the 
consequences of this  situation  is  that interparticle magnetic forces do not 
contribute directly to the local average balance of forces.  However, these forces 
contribute to the solid phase stress tensor. In other words, interparticle magnetic 
forces increase the internal solid phase stress and therefore indirectly change the 
voidage of the fluidized bed, which in turn influences the drag force and overall 
fluidization condition.  This phenomenon is intensively studied by Pinto-Espinoza 
(2002) and we incorporate the results of this study in determining the voidage 
distribution of the bed. Our basic approach in this study is to use TCP modeling 
for representation of the G-MAFB and complement it with the results of the DPM 
investigation by converting these results into a form suitable for the TCP modeling 
approach. 
According to the TCP modeling approach, the motion of fluid and particles 
in the bed can be described by four fundamental equations, namely, the equations 
of continuity and the equations of motion for solid and liquid phases. These 
equations describe the motion of the fluid and particles at each point in the 
column. The fluidized bed is viewed as a two-continuous-phase flow system in 
which the fluid phase and the particle phase freely penetrate and interact with 
each other. 16 
2.1  Mass and momentum conservation equations 
The point mechanical variables, such as the fluid velocity,  pressure, and 
stress components, are interpreted as local average values over a region that is 
large compared to the particle spacing, but remains small compared to the scale 
of macroscopic variation from point to point in the system. Anderson and Jackson 
(1967) were the first to develop the equations of continuity and the equations of 
motion for a system of fluidized particles. These equations in vector notation  are 
described below. 
2.1.1  Mass conservation equation for liquid and solid (particle) phase 
Fluid phase:  +v Eu =0  (2-1)
at 
Particle phase:  a  8) + v (1  8)v = o  (2-2)
at 
2.1.2 Momentum conservation equation for liquid and solid (particle) phase 
Fluid phase:  p fE( au + (IJ V)11)  EV Pf  EV rf + pfEg  (2-3)
at 
av
Particle phase:  pp(1-E)(+(V V)V)=-(1-E)VPf -(1-E)VPp-(1-E)V 1­
at 
+pp (1--E)g+EF, +F.  (2-4) 17 
The momentum conservation equation for the particle phase is augmented 
with the magnetic force, Fm, which depends on the magnetic field intensity, the 
magnetization of the particles, and the magnetic field gradient. The drag force is 
a function of the velocity and the viscosity of the fluid, as well  as the particle 
diameter and bed voidage. These sets of equations cannot be solved unless the 
expressions for ri, VP, V To, and Fm in terms of the fluid flow and  magnetic 
properties are defined. With the magnetic term coupling in the  momentum 
conservation equation for the particle phase, the magnetic field equations will be 
reviewed, and then applied in this modeling process. 
2.2  Constitutive relationships 
2.2.1  Interaction force between fluid and particle, F1 
The main contributors to the interaction between fluid and  particles are the 
buoyancy force, the drag force, and the virtual mass force. The gravitational force 
and the buoyancy force are dependent on the density and the volume of fluidized 
particles. The virtual mass force is due to acceleration of the relative velocity (U­
V) and relates to the force required to accelerate the surrounding fluid  (Crowe et 
al., 1998). The buoyancy force of fluid on the particle is included  in the first term 
of Equation (2-4), (1-e)VPA  The expression for the drag force and the virtual 
mass force, F1, is given by Anderson and Jackson (1967) as: 18 
0  d(U -V) 
F1  = MOW-V) 
+(1 
C(c)pf  (2-5)
dt 
The drag force is assumed to act in the direction of the relative velocity, 
and depends on the void fraction and on the relative velocity of the two phases. 
The drag force is proportional to the magnitude of  U-V and the particle to fluid 
drag coefficient, 16, and is assumed to be dependent on the voidage. The form of 
the coefficient fi, for flow through a bed of particles, can be presented as: 
150(1 s)/if  1.75(1 OU 
=  (2-6)
cl2s2  c1,62 
This expression was proposed by Ergun (1952) who cleverly combined the 
Kozeny-Carman equation for flow in the viscous regime and the  Burke-Plummer 
equation for the turbulent regime. The characteristic Reynolds  number, Rep, is 
defined as: 
d  Uop
Re =  P f  (2-7) f 
When Rep < 20, the viscous loss term dominates and  can be used alone with 
negligible error. On the other hand, when Rep> 1000, only the turbulent loss term 
is needed. The virtual mass coefficient, C, is suggested to be equal to 0.5 for an 
isolated  spherical  particle  (Jackson,  1985). There  is  another form of the 
description of the drag force, which is used in the recent fluidization literature.  Di 
Felice (1994) proposed the expression of the fluid drag force action on a single 
particle as: 19 
1 
=  E  (2-8) 
fd* represents the fluid drag force acting  on a single particle in the absence of 
other particles and it can be written as: 
dpi A IU V I(U  V)  (2-9) 
where Ap is the particle cross sectional area, and Cd is the fluid drag  coefficient, 
which can be expressed by the following equation, 
4.8
Cd =  0.063 +  (2-10) Re 
,5
 
P
 
The empirical coefficient,  is found to be a function of particle Reynolds number 
as follows: 
[ (1.5 - logRep )2
1-1= 3.7 0.65 exp  (2-11)
2 
In this study, we chose the former approach due to its simplicity. 
2.2.2  Magnetic force on the ferromagnetic particles,  Fm 
The magnetic force is computed with the assumption that the fluidization 
particles contain a soft (i.e., easily magnetized and demagnetized) ferromagnetic 
material. The magnetization of the fluidized bed as a whole, Mb, is assumed to be 
collinear with the magnetic field intensity, H. Cowley and Rosensweig (1967) 20 
defined the magnetic body force acting on a magnetic medium in  a non-uniform 
magnetic field as: 
F,,,= 1.t0MbVH	  (2-12) 
Rosensweig (1979) proposed the magnetic equation of state for a uniformly 
fluidized bed. 
Mb  = (I 6)-11-- and 11V1,= Oil	  (2-13) 
I  P I  'Hi 
He assumed that the magnetization of the bed is collinear with the direction of the 
magnetic field and proportional to the solid content in the bed. 
2.2.3	  Particle pressure, the particle stress tensor (VPp and TO and elastic 
modulus in the G-MAFB 
The effect of interparticle forces (van der Waals force) and magnetic 
interparticle forces on the fluidized bed is well documented. The experimental 
series by Rietema et at. (1977, 1990 and 1993) demonstrated that the van der 
Waals interparticle force is accounted for as the particle pressure and the particle 
stress tensor in  the momentum conservation equation.  In the experiment 
performed by Rietema and Muster (1977), finely dispersed solids were fluidized in 
a quasi-two dimensional bed with 10x4 cm horizontal dimensions. The gas flow 
rate was increased to produce the condition in which the bed was expanded but 
gas bubbles did not appear.  It was shown that the bed could be tilted up to a 
certain angle without the powder sliding, the surface remaining perpendicular to 21 
the direction of flow.  Rosensweig et al.  (1983) also suggested that the 
interparticle magnetic force has an effect on the magnetically stabilized fluidized 
bed.  Rosensweig claimed that magnetized particles in MSFB systems that  are in 
close contact with neighboring particles form  a "magnetic gel" exhibiting a 
measurable yield stress. The yield stress was measured in the MSFB by noting the 
force required to withdraw a vertical flat plate having surfaces roughened with 
glued-on bed particles. The experiments showed that the yield  stress became 
higher with increased applied magnetic field intensity, due to magnetization and 
mutual attraction and repulsion of particles.  It is easy to picture how interparticle 
magnetic forces give rise to a mechanical structure that has a certain elasticity. 
This phenomenon must be included in the equation of motion in  terms of the 
particle pressure and the particle stress tensor.  Rietema (1993) defined the 
particle pressure and the particle shear stress in the z direction in terms of an 
elastic modulus represented by the following expression, 
al)pzz  az-pzz  aE 
(2-14) az az  az 
As already mentioned, in the G-MAFB, there are two types of magnetic 
forces acting on the ferromagnetic particles, namely, the external magnetic force 
Fm due to the magnetic field gradient (Equation (2-12)) and the interparticle 
magnetic force fm due to the magnetization of ferromagnetic particles.  As a 
consequence of interparticle magnetic forces in the G-MAFB, terms describing the 
elasticity of the solid bed structure must be introduced into momentum equations 
of the particle phase. The magnetic interparticle forces, which  are necessarily 22 
defined  in  the Discrete Particle Method (DPM), can be transformed  into a 
continuous solid phase property that we define as the modulus of elasticity. First, 
we define the elastic modulus as 
d df E. P  mz  (2-15)
Ap  dz 
Pinto-Espinoza (2002) described all interparticle forces created in the  G­
MAFB. When the ferromagnetic particles are present in the magnetic field, they 
will be magnetized. The interparticle forces between ferromagnetic particles can 
be either attractive or repulsive depending on the position of the particles.  If two 
particles approach each other along the line of their dipole moment, the force is 
attractive  (Figure 2.4a).  If two particles approach each other along the 
perpendicular direction of the dipole moment line, the force is repulsive (Figure 
2.4b). The derivation of attractive interparticle magnetic forces by Pinto-Espinoza 
(2002) is shown in Appendix B. 
Villers (1998) observed that when ferromagnetic particles  were magnetized 
and fluidized in the presence of a homogeneous magnetic field, these  particles 
trended to form a chain oriented along the magnetic field line (z-direction  in this 
study). From his observations, we can conclude that the magnetic interparticle 
force in the direction of the magnetic field line is the most dominant  magnetic 
interparticle force. The fully attractive interparticle magnetic force between two 
particles in the z-direction is derived as 
_ 
-6(xV p[t0H )2 2g2r5 + xVpr2 
fM.Z  =  (2-16) 
go  (2;73 _xv )3 - P ­23 
t t 
H: I H Hzi  +74 
Dipole
 
Moment Moment
 
Orientation
 
(a)  (b) 
Figure 2.4  Magnetic interparticle forces: a) attractive force 
when two Ferromagnetic particles approach along the dipole 
moment line, and b) repulsive force when two ferromagnetic 
particles approach perpendicular to the dipole moment line. 
By differentiation of Equation (2-16) with respect to z, one obtains 
df,  12(xvpi0H,)7,47r2r6+1273xvp +x272) =  (2-17)
dz 
Po(  2773 + xvp)4 
which is then inserted into Equation (2-15) to yield; 
a  12(xv ,,,H )2 irr(871.2 r6 +12773xVp + x2V12) E_ 
Ap 
P  P 2  (2-18)
IA-2m' +Xypy 
The distance between two magnetic particles in adjacent layers, at distance r, can 
be derived as follows: 24 
a 
Figure 2.5  Distance between two particles in adjacent layers. 
From Figure 2.5, the volume occupied by solid particles in a cube is defined as 
71 d3 particle volume  6 P  (2-19)
total volume  b x a2 +dp x a2 
Define k as a distance ratio between two adjacent particles and two particle layers 
as shown in Figure 2.5. 
k= a 
(2-20)
b 
Equation (2-19) can be rewritten as 25 
d 1,3 
6 it (1 -E)=  (2-21) k2b3 +dpk2b2 
Assume that b << dp ,  Equation (2-21) is reduced to 
d z 
(2-22) b= P
k  6(1 s) 
Therefore, the distance between two magnetic particles in adjacent layers can be 
obtained as; 
dp  I  Ir 
(2-23) r = dp + b=dP±  k Al 6(1  c) 
The distance ratio, k, is obviously a function of bed voidage and to  some degree 
depends upon the spatial order of particles. We suggest that the ratio of k is a 
function of voidage as follows: 
m k=  (2-24) 
(8-60)n 
Figure 2.6 demonstrates an example of the elastic modulus, Equation (2-18), 
found in our study. 26 
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Figure 2.6  Elastic modulus of particle A in the G-MAFB, 
d11,/dz = - 20,543 A/m/m, Uo = 0.0222 m/s, and Hbed = 0.190 m. 
2.3  Magnetic Filtration Theory 
The conversion of solid waste into useful resources in support of long-
duration manned missions in space presents serious technological challenges. 
Several technologies, including supercritical water oxidation, microwave-powered 
combustion and fluidized bed incineration, have been tested for the conversion of 
solid waste. However, none of these technologies are compatible with microgravity 
or hypogravity operating conditions.  In this study, the Gradient Magnetically 27 
Assisted Fluidized Bed is proposed as a promising operating platform for fluidized 
bed operations in the space environment. Our experimental and theoretical work 
has evolved into both: a) the development of  a theoretical model based on 
fundamental principles for the design of the G-MAFB, and  b) the practical 
implementation of the G-MAFB in filtration and destruction of solid biomass  waste 
particles from liquid streams. Figure 2.7 is a schematic  representation of the pilot 
system for filtration and destruction of solid waste built at OSU during this  project. 
Figure 2.8 is a photo of the same system shown schematically  in Figure 2.7. 
Gasification of the solid waste with high temperature steam is beyond the scope of 
this thesis, although it is a part of this project and is currently  under detailed 
investigation (NASA-NAG-9-1181). 
2.3.1  Fundamentals of filtration in the G-MAFB 
In this study, we used the G-MABF as a renewable filter to separate solid 
waste  particles  (wheat straw) from  liquid  waste streams.  A schematic 
representation of the G-MAFB filtration process is shown in Figure 2.9.  Filtration 
experiments are performed in two different experimental setups. Although these 
setups are different in size and details of operation, the nature of the filtration 
experiment is almost identical. For the modeling proposed, one can represent the 
experimental apparatus in the form depicted in Figure 2.10. The system boundary 
(I) represents the region of the experimental apparatus (including holding tank, 
pump and flow meter) where the only particles present are biomass waste. S-1 
To Vent .44 ­ Ash Filter  nn'nonelrInnevInnnt, rfret.11  MT 
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Figure 2.7  Schematic representation of the pilot G-MAFB System. Figure 2.8  G-MAFB pilot system for filtration and destruction of solid waste. DC POWr 
Supply and 
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Figure 2.9  Schematic representation of the G-MAFB for filtration experiment. 31 
It is assumed that in this volume the fluid is very well mixed and hence the 
biomass concentration is uniform.  System boundary (II) is the section of our 
system where the filtration process takes place. 
F  C* (L,t) 
Magnetically Assisted Fluidized Bed 
1  1 I  Cy°, t) =CO 
1  2 '  C(t) 
I I 
x + Ax  !  ! x 
Holding Tank
F L 
System Boundary (II)  System Boundary (I) 
Figure 2.10 Schematic diagram of the G-MAFB filtration system. 
The material balance in both system boundaries can be written in the form 
of partial-differential equations in the axial symmetric filter bed as the followings; 
The holding tank:  FC * (I,,t) FC * (0,0= Vtankac*(o,t) (2-25)
at 
Initial Conditions:  C(0,0) = Co 32 
*(x,t) The G-MAFB:  vac  a6 =a(Ec*(x,t))  (2-26) 
ax  at  at 
Initial Conditions:  C*(x,0)  = 0;  t= 0,  0 < x.. L 
Boundary Conditions: e(0,6 = at);  x= 0,  t> 0 
e(0,0) =  Go);  x= 0,  t= 0 
ao- c* k,(x,t) The rate of filtration:  --=  k20- (2-27) at  a'
 
Initial Conditions:  0(x,0)  = 0;  0< x< L
 
e(x,0) = 0;  t= 0,  0 < x L 
We postulate that the rate of filtration is a balance between two first order 
processes: 1) the rate of accumulation of waste particles in the bed, and 2) the 
rate of detachment of already accumulated particles from the bed. Both rates  are 
assumed to be first order with respect to the respective concentrations of waste 
particles (e,6 ). 
2.3.2  Filtration mechanisms 
A fundamental study of a filtration process requires an analysis of possible 
filtration mechanisms.  Such an analysis must include consideration of all the 
forces that operate between the waste particles and the collecting fluidization 
media. The primary mechanisms by which collection of waste particles (filtration) 33 
may take place are: Interception, Inertial Impaction, Brownian Diffusion, and 
Electrostatic Attraction. These mechanisms are discussed in detailed reviews by 
Black (1966) and lien (1989), and are briefly presented here. 
1.  Interception 
Consider the case in which all the forces acting on the particle (relevant for 
the filtration  mechanisms) in  a  fluid stream are  negligible. Whenever the 
streamline along which the particle approaches a filter element passes within a 
distance of one-half the particle diameter from the element,  interception of 
particle by the filter element will occur. The parameter that  characterizes the 
importance of interception (Black, 1966) as a mechanism for particle deposition is 
NR, defined as 
Dp 
(2-28) NR  dp 
The streamlines and particle trajectories approaching  a filter medium are shown in 
Figure 2.11. 
2.  Inertial Impaction 
The parameter that characterizes the importance of inertial impaction as a 
mechanism for particle deposition in the filter is the Stokes number k, defined as 34 
pstrU0Dp2
N, =  (2-29) 18,ufdp 
This inertial impaction parameter arises out of the force balance of fluid resistance 
opposing the motion of the particle. 
Electrostatic Attraction 
U0 
Inertial Impaction 
Figure 2.11 Streamlines and particle trajectories approaching 
filter element (Black, 1966). 
3.  Brownian Diffusion 
The Peclet number is used to characterize the importance of  Brownian 
movement in a filtration process. It is defined as follows: 35 
U od
Np =  P  (2-30) 
e  Dm, 
The parameter Npe is the ratio of the fluid resistance to the diffusive force caused 
by random thermal motion. 
4.  Electrostatic Attraction 
If a particle and a filtration medium  carry electrostatic charges, the 
filtration process may be influenced by the electrostatic force between  the 
particles.  Four typical types of electric force acting on particles moving toward a 
filter medium are presented as the following (Tien, 1989). 
4.1  When both the particles and medium are charged, the Coulomb 
force can be attractive or repulsive, depending upon whether the particles and 
medium have like or unlike charges. The parameter that characterizes the 
Coulomb force is defined as: 
CvQpQ,
KEC =  (2-31) 37r2e d2D ,u U sppfo 
4.2  If the filter medium is charged, it may induce an image opposite 
charge on the surface of the particles. As a result, an additional electrostatic force 
on the particle is created. The parameter that characterizes the charged medium 
image force is defined as: 36 
22/pc,Q,2Dp2 
(2-32)
 3/7- 2s, d;pitio 
=(6p 6 ) (6p +26f )  (2-33)
 
4.3  If the particles are charged, they may induce an image opposite 
charge on the filter medium. This causes an additional force on the particles. The 
parameter that characterizes the charged particle image force is defined as: 
rcCsQp2 KEm = 37r2ef  (2-34) 
\cc +2e j) (cc  ( (2-35)
 
4.4  The particles produce a repulsive force among themselves. This 
effect is known as the space charge effect. The parameter that characterizes the 
charge particle force is defined as: 
ycCsglp2dpC 
KES  (2-36) 187re i,u fUoDp 
Each mechanism mentioned above will contribute to removal efficiency of small 
particles in the fluidization media. 37 
CHAPTER 3
 
EXPERIMENTAL APPARATUS AND MATERIALS
 
A typical schematic diagram of the experimental  apparatus used in this 
study is shown in Figure 3.1.  The experimental apparatus and materials consist 
of the following elements: 
3.1  Fluidization Column 
3.2  Magnetic Field Generator (Helmholtz rings) 
3.3  Water Supply System 
3.4  Instrumentation 
3.5  Ferromagnetic Particles 
3.6  Biomass Waste Particles 
3.1  Fluidization column 
There are three different types of fluidization column used in this study: a) 
a fluidization column for voidage distribution experiments (1g), b)  a fluidization 
column for experiments on board the NASA KC-135 aircraft (0g),  and c) a 
fluidization column for filtration experiments (1g). 38 
Overflow box  Holding tank 
Helmholtz ring 
Fluidization section 
Flow control Distributor plate 
uuuuuuuuuuum
 
4IP° xilk101
 
Calming section
 
Figure 3.1  Schematic representation of the experimental 
apparatus used in this study. 
3.1.1  Fluidization column for voidage distribution experiments 
The fluidization column in which the particles are fluidized  is made of 
Plexiglas", allowing for visual observation through the wall. The fluidization 
column is made of three removable parts: a) the fluidization section, b) the 
calming section, and c) the overflow box. 39 
a)  Fluidization section 
This section is a 35.0 cm long cylindrical clear Plexiglas- tube. It has an 
inside diameter of 4.5 cm and outside diameter of 5.1  cm. A circular distributor 
plate is located at the bottom of the fluidization section and  it can be easily 
removed or repositioned to any location along the fluidization  section.  The 
distributor plate is responsible for evenly distributing the flow  over the entire area 
of the column. A schematic representation and  a photograph of the fluidization 
column are shown in Figure 3.2. 
b) Calming section 
This section is composed of 1.2 cm diameter marbles which fill the cylinder 
under the distributor plate.  It provides a uniform upward flow of liquid to the 
fluidization section.  This section is designed to dissipate large liquid jets which 
may form at the entrance of the fluidization apparatus. The calming and the 
fluidization sections are separated by the distributor plate, which is made of a 0.3 
cm thick clear Plexiglas- plate. The distributor plate is 4.5 cm in diameter, with 
one hundred and forty-six 2.0 mm uniformly distributed circular holes. The  open 
area is approximately 30% of the total area of the distributor plate. A schematic 
representation and a photo of the distributor plate are shown in Figure 3.3. 1
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Figure 3.3  Schematic  diagram  and  photograph  of  the 
distributor plate used in voidage distribution experiments. 
c)  Overflow box 
The overflow box is a cylinder 13.0 cm in diameter and 16.0 cm in height, 
mounted on the top of the fluidization section. The side outlet from the overflow 
box is covered with a plastic screen to prevent occasional  extraneous particles 
from leaving the fluidization  section, thus protecting the water recirculating 
system. The open surface of the fluid in the overflow box provides a "reference" 
1.0 atm pressure in the system. 
3.1.2  Fluidization column for experiments on board NASA's KC-135 aircraft 
The schematic flow diagram of the G-MAFB apparatus used on board the 
NASA KC-135 aircraft (Og flight)  is  similar to the G-MAFB operated  in the 42 
laboratory (Figure 3.1).  A notable difference is the shape of the fluidization 
column. 
a)  Fluidization section 
The experiments in Og are conducted in  a two-dimensional, square cross-
section, tapered fluidization column, as shown in Figure 3.4. The design of the 
fluidization column is unique and we could not find  any previous references 
describing a similar apparatus.  The tapered shape is introduced to provide 
additional stability for the fluidization  process.  The stability of the fluidization 
operation depends on the local intensity of drag and magnetic  forces.  The 
tapered shape of the column relates with both forces.  Namely, at the bottom of 
the column, the magnetic force is highest and the smallest cross-sectional area of 
the column makes the drag force highest as well. Both drag and magnetic forces 
decrease as the height of the column increases. 
b) Calming section 
This section  is composed of small  marbles enclosed  in  the small 
rectangular volume under the distributor plate. The calming and the fluidization 
sections are separated by the distributor plate, which is made of a 0.3 cm thick, 
3.0 cm by 5.0 cm, clear Plexiglas"' plate covered with a fabric mesh to provide a 
uniform upward flow of the liquid stream to the fluidization section. 100 mm 
11  l'] 
A 
60 mm 
250 mm 
Distributor plate 
Calming Zone 
Figure 3.4  Schematic diagram and photograph of G-MAFB used on board NASA's KC-135 aircraft. 44 
c)  Expansion chamber 
In the experimental set up used in Og experiments, the role of the overflow 
box is replaced with an expansion chamber. A small balloon is enclosed inside a 
closed container, providing a reference pressure to the system. 
3.1.3  Fluidization column for filtration experiments 
The filtration experiments are conducted in  a closed recirculating G-MAFB 
system with a constant magnetic field gradient. During the filtration process, the 
bed is kept in a packed condition and biomass waste particles are deposited in the 
void spaces among the ferromagnetic particles. Some parts of the G-MAFB system 
used in voidage distribution experiments are replaced with newer components as 
follows: 
a) Fluidization column 
The apparatus used for laboratory filtration experiments is a cylindrical 
bed. The fluidization column is made of polycarbonate, allowing visual observation 
through the wall. The column has an inside diameter of 5.0  cm and an outside 
diameter of 5.8 cm. A schematic diagram of the fluidization column is shown in 
Figure 3.5. To holding Tank 
Fluidization section 
500 mm 
Distributor plate 
80 mm 
Calming section 
58 mm 
Figure 3.5  Schematic diagram and photograph of the G-MAFB used in filtration experiments. 46 
b) Calming section 
This section is composed of small marbles enclosed in a small cylinder 
under the distributor plate. The distributor plate is made of 7-Mesh Plastic Canvas 
manufactured by Quick-Count®. The distributor plate has one hundred and forty-
six, 2.0 by 2.0 mm uniformly distributed square holes. This hole size is chosen to 
prevent undesired biomass particle deposition on the distributor plate. A schematic 
representation and a photo of the distributor plate are shown in Figure 3.6. 
c)  Overflow box 
In this experimental set up, an 8-liter Plexiglas' holding tank is open to the 
atmosphere and acts as an overflow box to provide a reference pressure to the 
system. 
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Figure 3.6  Schematic  diagram  and  photograph  of  the 
distributor plate used in filtration experiments. 47 
3.2  Magnetic field generator (Helmholtz ring) 
3.2.1  Magnetic field generator for voidage distribution experiments 
An Acme Electric CorporationTM Model AQA 5-220 direct current (DC)  power 
supply is connected with ten parallel Helmholtz rings and ten rheostats. This  DC 
power supply has an AC input of 230 volts.  It can provide 0-5 volts and up to 220 
amps of current to the system. The output voltage is manually controlled by  a 
voltage control knob. Each Helmholtz ring is made of a copper wire manufactured 
by MW8m. The nominal wire diameter is 1.0 mm. This copper wire is coated with 
a polyester-imide resin that withstands temperatures up to 180 °C. Each Helmholtz 
ring consists of two 10 turn layers of copper wire, which are fixed around a 2.5 cm 
long, 5.1 cm outside diameter Plexiglasm ring (Figure 3.2). The Helmholtz ring can 
be positioned at any axial location along the fluidization column. The magnetic 
field orientation is parallel to the direction of fluid flow. 
The rheostats, connected in series with the Helmholtz rings,  are used to 
control the current in each Helmholtz ring. Each rheostat can be maintained at 0­
0.5 Ohms and manually controlled by adjusting a control knob. The calibration of 
rheostat resistance is given in Appendix E.  The overall magnetic field intensity 
within the fluidized bed is the summation of the magnetic field  intensities 
generated from each Helmholtz ring. The magnetic field intensity is strongest at 
the bottom of the bed, and decreases gradually linearly toward the top of the bed. 
This change in the magnetic field strength along the fluidization column  varies the 48 
magnitude of the magnetic force from the bottom to the top of the column. As a 
result, the particle holdup at any location varies along the column reflecting the 
equilibrium of forces.  In this study, a constant magnetic field gradient (dH/dz = 
constant) is produced by adjusting the currents and the spacing between the ten 
Helmholtz rings. The magnetic field intensity inside the fluidized bed is measured 
directly using a gaussmeter (see section 3.4.2). 
3.2.2	  Magnetic field  generator for experiments on board NASA's KC-135 
aircraft 
Two short rectangular solenoid coils are used in this experiment. All coils 
are made of copper wire gauge 10 (HAPT) manufactured by MWSTM. The diameter 
of the copper wire is 2.7 mm. The first solenoid coil has dimensions of 10.0  cm by 
15.0 cm and the second has dimensions of 10.0 cm by 20.0 cm (Figure 3.4). Both 
coils have six layers with five turns of wire  per layer.  The bottom of the 
fluidization column is located between two solenoid coils where the  magnetic field 
intensity is the highest. 
3.2.3	  Magnetic field generator for filtration experiments 
The magnetic field generator is composed of three direct current (DC) 
power supplies (Sorensen"' Model DCS8-125E) connected to six parallel Helmholtz 
rings (Solenoid). Each power supply has an AC input of 115 volts and a maximum 
current load of 20 amps. The DC output may be varied between 0-8 volts with  a 49 
current load between 0-125 amps. The Helmholtz rings are made of a copper wire 
gauge 10 (HAPT) manufactured by MWSTM. The diameter of the copper wire is 2.7 
mm. The Helmholtz rings can be positioned at any point along the fluidization 
column to obtain a desired magnetic field gradient.  The overall magnetic field 
intensity within the fluidized bed is the summation of the magnetic field intensities 
generated from each Helmholtz ring. A photograph of these  Helmholtz rings is 
found in Figure 3.5. The Helmholtz ring dimensions are list in Table 3.1 
Table 3.1  Helmholtz ring dimensions 
Helmholtz ring number  # turns  # Layers 
1  8  3 
2  7  3 
3  6  3 
4  5  3 
5  4  3 
6  3  3 
3.3  Water supply system 
3.3.1  Water supply system for voidage distribution experiments 
Water circulation is driven by a 1/3 Hp, 2600/3000 rpm centrifugal  pump 
(Little Giant Pump CoTM Model 4-MD-SC).  The pump discharge is connected to a 
flow rotameter, Gilmont Instrument" Model E-2448, and it is directed  to the 50 
fluidization column. The fluid flow is regulated by a valve mounted upstream of 
the rotameter. The calibration of the superficial fluid velocity, U0, corresponding to 
a rotameter reading is given in Appendix E.  A 15-liter holding tank containing 
deionized water (pH  7.0) is used in the G-MAFB water supply system. The water 
is periodically replaced to reduce ablation and fungal growth. 
3.3.2  Water supply system for experiments on board NASA's KC-135 aircraft 
Water circulation is driven by a 1/40 Hp, 3000 rpm centrifugal  pump 
(MARCH MFG11" Model AC-2CP-MD). A special innovative flow rotameter (developed 
at OSU) is used to measure the liquid flow rate in the absence of gravity. The 
plastic bar inside the rotameter is replaced with a neutrally buoyant magnetic bar. 
A ring of permanent magnet is located at the top of the flow meter, positioned 
coaxially in such a way that it creates a normal repulsive magnetic force acting on 
the float, thus pushing the magnetic bar away from the top of the flow meter. As 
the liquid flow rate increases, the ball will move closer to the top of the flow 
meter. The calibration of this unique flow-measuring instrument is given in 
Appendix E. 
3.3.3  Water supply system for filtration experiments 
Water circulation  is driven by a 1/8 Hp, 3000 rpm centrifugal pump 
(MARCH MFGTM Model TE-5C-MD). The pump discharge is connected to  a flow 51 
rotameter (Gilmont InstrumentTM, Model E-2448), and  it  is  directed to the 
fluidization column. The fluid flow is regulated by a valve, mounted downstream 
of the  rotameter.  The calibration  of the  superficial  fluid  velocity,  U0, 
corresponding to a rotameter reading is given in Appendix E. An 8-liter Plexiglas'*' 
holding tank containing deionized water (pH  ,=-, 7) is used in the G-MAFB water 
supply system. 
3.4  Instrumentation 
System instrumentation consists of the dynamic  pressure measuring system, 
gaussemeter, particle concentration detector, and stirrer plate. The details of this 
equipment are as follows: 
3.4.1  Dynamic pressure measuring system 
The pressure measuring system consists of a water filled clear glass tube 
connected to an aluminum probe. The glass tube has an internal diameter of 2.0 
mm. The aluminum probe is 1.0 mm in diameter and 80.0 cm in length.  The 
aluminum probe is inserted into the fluidized column and is used to measure the 
pressure every 0.5 centimeter from the bottom of the bed. The pressure values 
obtained from this measurement are called the dynamic  pressures.  The water 
level shown in the inclined glass tube indicates the dynamic pressure at the given 52 
location in the bed. The distance in the  z direction is obtained by the following 
equation: 
Az = Ax tan0  (3-1) 
A schematic representation of this inclined manometer is shown in Figure 3.7. 
Aluminum probe 
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Figure 3.7  Schematic representation of the inclined manometer. 
3.4.2  Gaussmeter 
The magnetic field intensity inside the fluidized bed is measured directly 
using a gaussmeter (Lake Shore Cryotronics, Inc. Model 410 gaussmeter).  It is a 53 
hand-held, field-portable unit that provides measurement of AC or DC magnetic 
fields. The two main parts of the gaussmeter  are the gaussmeter and the axial 
probe. The axial probe (Cal No. 897) is connected directly to the gaussmeter unit 
by a probe extension cable, which allows the probe to be extended three meters 
from the unit.  The important specifications of gaussmeter are listed in Table 3.2. 
Table 3.2  Specifications of the gaussmeter 
Display  LCD, 3 1/2 digits 
Resolution  0.1 gauss (200 gauss range) 
Range  2T, 200 mT, 20 mT 
DC Accuracy  2% of reading (at 25 °C) 
Frequency Response  DC and 20 Hz to 20 kHz 
Temperature Range  0 to 50 °C 
3.4.3  Particle concentration detector 
A laser-photodiode detector is used for measuring the concentration of 
biomass waste particles in the holding tank. The laser module is manufactured  by 
RadioShack ®; the specifications are listed Table 3.3.  The photodiode is supplied 
by RS Component Limited. A schematic diagram of the laser-photodiode  detector 
is shown in Figure 3.8.  The biomass waste concentration is measured by 
recording a voltage signal response from the photodiode which  is inversely 
proportional to the density of solid waste particles traversed by the laser  beam. 
The calibration curve of concentration and voltage response is shown in Appendix 54 
E. The voltage signal is sent to the DASport parallel port interface multifunction 
data acquisition system (Intelligent Instrument- Model PCI-20450P Series).  At 
this data acquisition port, the voltage signal is sent to the computer and displayed 
on the screen using Visual Designer® Software. 
The DASport acquisition system is a portable data acquisition card that 
communicates with a PC through a Standard, Enhanced or Extended (PS/2 type) 
parallel port interface. The analog input channels  can be selected as 16 single-
ended or 8 differential analog input channels.  The DASport card can receive 
analog input signals in either a 0-10 V or ± 10 V range and the analog output is in 
the ± 10 V range. 
The Visual Designer® Software is a very useful program for analyzing the 
data obtained from our filtration experiments. This software is constructed based 
on a block diagram structure.  It allows the user to design or customize the data 
acquisition, analysis, display and control program to meet the specific needs. A 
block diagram called Flow Gram is built and saved.  Flow Code is created just before 
the program is executed by the Run command. A schematic diagram of the 
operation of Visual Designer® software (Intelligent Instrument'', 1993) is shown in 
Figure 3.9. The Flow Gram for biomass concentration measurement is given in 
Figure 3.10. The details of Flow Gram used in this study are presented in Appendix 
H. 55 
Table 3.3  Specifications of the laser module 
Wavelength  650 nm 
Current  60 mA max 
Laser class  Class II (FDA regulation) 
Focus  Fixed 
Pattern  6 mm point (at 3 m distance) 
Lens  Single plastic collimated 
Optical power  < 1 mW at 3V DC 
PC computer 
Holding Tank 
Biomass particles 
Figure 3.8  Schematic diagram of the laser-photodiode 
detector. 56 
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Figure 3.9 Visual Designer system block diagram. 57 
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Figure 3.10 Visual Designer F /owGram used in filtration 
experiments. 
3.4.4  Stirrer plate 
A magnetic stirrer plate with a magnetic stir bar is placed under the 
holding tank to prevent biomass particles from settling and keep the uniform 
particle concentration in the holding tank. 
3.5  Ferromagnetic particles 
Ferromagnetic particles are one of the most important components in our 
studies. Ferromagnetic particles are produced from sodium alginate  solution, 
ferromagnetic powder, microsphere balloons (sodium borosilicate), and  Gellan 
gum. A schematic diagram of the particle generator and a ferromagnetic particle 58 
is shown in  Figure 3.11.  Figure 3.12 shows a photograph of the particle 
generation equipment used in this study. 
Mixer 
Sodium alginate+ Microsphere 
balloon + Ferromagnetic powder 
+ Water 
Polymerized 
Alginate Bead 
Ferrite powder 
Figure 3.11 Schematic diagram of the particle generator. 
The following  is the description of the ferromagnetic sodium alginate 
mixture suspension, the particle generator, and calcium chloride cross-linking, 
used in our experiments. 59 
Figure 3.12 Photo of the particle generation apparatus. 
3.5.1  Ferromagnetic sodium alginate mixture suspension 
1.75% wt sodium  alginate  solution  is  prepared  beforehand.  The 
ferromagnetic powder and microsphere balloons are then added to the solution, 60 
respectively. The preparation of the ferro-sodium alginate mixture is described  in 
Appendix C. The compositions and properties of ferromagnetic powder and 
microsphere balloons are given in Appendix D. 
3.5.2  Ferromagnetic particle generator 
The particle generator consists of a nozzle, which is connected  to the 
bottom of a steel column. When the ferromagnetic alginate mixture is poured at 
the top of the column, it slowly flows through the nozzle and finally drops into a 
1.0 M calcium chloride solution. The particle size  can be adjusted by regulating 
the air pressure at the top of the column, and the airflow at the tip of the nozzle, 
which shears off the particles. The stirrer is mounted on top of the steel column 
and is connect to a variable speed motor (Ika LabortechniC, Model RW20  DZM.n). 
The ferromagnetic  alginate  mixture  is  continuously  stirred  to  avoid  the 
sedimentation of ferromagnetic powder during the particle generation process. 
3.5.3  Calcium chloride cross-linking solution 
A 1.0 M calcium chloride solution is used to cross-link the ferromagnetic 
sodium alginate droplets coming out from the tip of the nozzle. Calcium chloride 
immediately reacts with sodium alginate, and forms calcium alginate  on the 
surface of the droplets. The gel formation reaction is represented by: 
2n Na(Alg) + n Ca++ <----> n Ca(Alg)2 + 2n Na+  (3-2) 61 
Figure 3.13 shows a model of gel formation in alginates.  At the beginning, only 
the surface of the Sodium Alginate droplet reacts with the calcium ions. When the 
droplet is left in the calcium chloride solution over a period of time, calcium ions 
diffuse toward the center of the bead, and form  a complete calcium alginate gel 
structure throughout the droplet. The particles are briefly rinsed with  deionized 
water, and stored in a low concentration calcium chloride solution  at room 
temperature. 
Figure 3.13 Schematic model for gel formation in alginates. 
The properties of the ferromagnetic particles used in our studies are listed 
in Table 3.4.  Particles A and B are used in voidage distribution experiments, 
particles C and D are used in experiments onboard the NASA KC-135 aircraft, and 
particles E and F are used in filtration experiments. The magnetic susceptibility of 62 
ferromagnetic  powder  is  measured  separately  by  a  custom-modified 
Thermalgravimetric Analysis (TGA) apparatus (TA Instruments' Model 2950). A 
schematic diagram of the magnetic susceptibility measurement system is shown in 
Figure 3.14. 
Table 3.4  Ferromagnetic particle properties 
Particle  A  B  C  D  E  F 
Diameter [mm]  2.16  2.5  2.4  1.5  2.5  3.5 
Density [kg/m3]  1119  1302  1502  1090  1351  1351 
Ferrite [w/w]  20%  20%  30%  20%  35%  35% 
Microsphere balloon 
[ION] 
8%  2%  0%  9%  3.5%  3.5% 
Gel lan Gum [w/w]  0%  0%  0%  0%  0.3%  0.3% 
1.75% Alginate 
solution [w/w]  72%  78%  70%  71%  61.2%  61.2% 
Minimum fluidization 
velocity /./,,,, [m/s]  0.0042  0.0110  0.0151  0.0017  0.0123  0.0174 
Magnetic 
susceptibility b [/] 
2.79  3.12  5.21  2.75  5.80  5.80 
In this magnetic susceptibility measurement setup, a single solenoid is 
placed underneath a small ceramic canister that contains ferromagnetic particles. 
The solenoid creates a magnetic field gradient that results in a magnetic force 
acting on the ferromagnetic particles toward the center of the coil. The magnitude 
of magnetic force is equal to the change of the particle apparent weight. The 
details of the magnetic susceptibility measurement procedure and susceptibility 
calculations are shown in Appendix G.  Figure 3.15 shows the custom-modified 
TGA setup. 63 
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Figure 3.14 Schematic representation of the magnetic 
susceptibility measurement device. 
Figure 3.15 Modified TGA setup for susceptibility measurements 
(photo by Pinto-Espinoza, 2002). 64 
3.6  Biomass waste particles 
Two different size ranges of biomass waste particles (wheat straw 
particles) are used in the filtration experiments.  The smaller biomass particles 
(batch #1) are the particles which pass through a 180 gm standard sieve size and 
are retained on a 149 gm standard sieve size. The larger biomass particles (batch 
#2) are the particles with diameters between 180 gm and 295 gm standard sieve 
sizes.  The concentration of biomass particles in the holding tank is monitored 
online using a laser-photodiode detector (section 3.4.3).  The biomass particles 
have a cylindrical shape with different lengths.  Figure 3.14 shows the typical 
shape of wheat straw particles. The density of dry wheat straw is 261.9 kg/m3 and 
the density of suspended wheat straw is 1089.6 kg/m3.  Because of the long-thin 
fiber shape of biomass particles, three different size measurement methods  are 
proposed as follows; 
3.6.1  Intermediate size screen analysis 
When particles settle between two adjacent standard sieve sizes, a screen 
size diameter can be calculated as; 
d_(c1 upper-sieve + d lower-sieve) 
scr  (3-3)
2 
Therefore, the smaller biomass particles that are held between 149 gm and 180 
gm standard sieve sizes have the screen size diameter of 164.5 gm. The bigger 65 
biomass particles between 180 p.m and 295 ktm standard sieve sizes have a screen 
size diameter of 237.5 ttm. 
Figure 3.16 Biomass waste particles (wheat straw particles). 
3.6.2  Centrifugal sedimentation particle size analysis 
The nominal particle size distribution  is measured by a  particle size 
distribution analyzer (HoribaR1 Model CAPA-700). This method  relies on the 66 
principle of liquid-phase sedimentation. According to the Stokes sedimentation law 
(Horiba Instruction Manual), for particles of equivalent density, particles with a 
larger diameter settle first, followed by successively smaller particles.  Because of 
the time required  for very small  particles  to  settle  naturally,  centrifugal 
sedimentation is applied to reduce analysis time. In this method, the long-thin 
fiber particles are represented by the spherically shaped particle diameter that has 
the same sedimentation time. The relationship between the particle diameter and 
centrifugal sedimentation time is expressed as; 
187/01n(x2  )  2 D=	  (3-4) 
e  [(Atm  P.402Ot 
Median diameter, standard deviation and specific surface area are listed in Table 
3.5 and the size distribution results are shown in Table 3.6. 
Table 3.5	  Median  size,  standard  deviation,  and  specific  surface  area 
measured by the centrifugal sedimentation particle size analyzer 
Median diameter  Standard  Specific Surface Batch# 
[inn]  Deviation [µm]  Area [m2/g] 
1  73.52  34.72  0.064 
2  114.68  39.98  0.045 67 
Table 3.6	  Size  distribution  of biomass waste  particles measure by the 
centrifugal sedimentation particle size analyzer 
Batch#1	  Batch#2 
Diameter 
Cumulative	  Cumulative ban]  Frequency .  .  . Frequency  .  .  . phi  Distribution	  Distribution ( %] [ %]	  [ %] 
400-300  0.00  100.00  0.00  100.00 
300-200  0.00  100.00  0.00  100.00 
200-100  15.90  100.00  58.60  100.00 
100-90  9.90  84.20  4.30  41.40 
90-80  12.50  74.30  14.85  37.10 
80-70  18.20  61.80  7.05  22.25 
70-60  18.20  43.60  7.10  15.20 
60-50  13.20  25.40  3.35  8.10 
50-40  6.90  12.20  3.05  4.75 
40-30  3.40  5.30  1.10  1.70 
30-20  1.40  1.90  0.20  0.60 
20-10  0.20  0.50  0.10  0.40 
10-0  0.30  0.30  0.30  0.30 
3.6.3  Optical microscope analysis 
The size of biomass particle is measured by Electron microscope (Leica® 
DM-IL).  As shown in Figure 3.16, biomass particles have  an irregular shape, 
therefore, the characteristic size of particles is defined as the distance between the 
extreme left and right tangents that are perpendicular to the reference line. This 
characteristic length is known as Ferret's diameter (Hinds 1999). Table 3.7 shows 
the size distribution of each particle batch. 68 
Table 3.7  Size distribution of biomass waste particles by microscopic  analysis 
Batch#1:  Batch#2
Diameter  Weight  Weight Accumulation [lm]  percent Accumulation percent [0k]  [0/0]  [cm  [0/0] 
1001-1050  0.00  100.00  1.16  100.00 
951-1000  0.00  100.00  0.88  98.84 
901-950  0.00  100.00  3.68  97.96 
851-900  0.00  100.00  3.87  94.28 
801-850  1.76  100.00  6.40  90.41 
751-800  0.80  98.24  11.85  84.01 
701-750  1.52  97.44  8.70  72.16 
651-700  1.29  95.92  6.90  63.46 
601-650  4.98  94.63  15.56  56.56 
551-600  6.83  89.65  13.96  41.00 
501-550  15.69  82.82  7.19  27.04 
451-500  14.43  67.13  11.97  19.85 
401-450  19.41  52.70  4.72  7.88 
351-400  16.25  33.29  1.44  3.16 
301-350  12.06  17.04  1.18  1.72 
251-300  3.58  4.98  0.54  0.54 
201-250  1.40  1.40  0.00  0.00 
151-200  0.00  0.00  0.00  0.00 
The average particle diameter in this analysis  can be calculated as follows 
(Levenspiel 1998); 
(3-5) 69 
The average diameter of biomass particles in Batch #1 and #2 is found to be 
430.40 gill and 609.11 Am, respectively. 
3.6.4  Summary of biomass particle diameter 
The nominal diameter of biomass waste particles in each  measurement 
method can be summarized in Table 3.8. 
Table 3.8  Nominal diameter of biomass waste particles 
Measurement Method  Batch #1  Batch #2 
Screen Analysis  164.5 gm  237.5 gm 
Centrifugal Sedimentation 
Analysis  73.52 gm  114.68 gm 
Microscopical Analysis  430.40 gm  609.11 grn 
We are not certain which of these three diameters most appropriately 
serves the modeling effort, therefore, we will keep all of diameters and use them 
in Chapter 5. 70 
CHAPTER 4
 
MATHMATICAL MODELING AND EXPERIMENTAL METHOD 
This chapter covers the derivation of the voidage distribution model and 
the filtration model.  In addition, the experimental methods for both voidage 
experiment and filtration experiment are presented. 
4.1  Voidage distribution model 
The voidage distribution model for a liquid-solid fluidization in a gradient 
magnetic field can be derived from the four fundamental equations, namely, 
equations of continuity and equations of motion, presented in Chapter 2.  All the 
governing equations and their constitutive relationships can be summarized as: 
The Equations of Continuity: 
Fluid phase: 
as +v .Eu=o  (2-1)
at 
a(at E)  ,  ,
Particle phase:  +v .0EN =o  (2-2) 
The Equations of Motion: 71 
,
Fluid phase:  (2-3)
 pje(au + (U V)U)  = EVP -E r + pfcgai
at 
av 
Partkle phase:  pp(1-6)(at +(v v)vj=  E)v pf  (1- E)VPp  (1  E) V  .1­
+pp (1 E)g + EFI +F.  (2-4) 
where F1 is the force between fluid and particles and is defined as 
(1;0
=fl(e)(UV)+  C(E)pfd(UV) (2-5)

dt 
Using the Ergun expression, Az) is given by 
150(1-411  1.75(1  E)U Vlpf 
(2-6)
 AO' 
432 E2  di,E2 
Fm is the magnetic force acting on the ferromagnetic particles which is defined as 
follows: 
Fn, = 1.1.0MbVH =  1_10(1-E)  MpVH  (2-12) 
The magnetization of the particle is collinear with the field intensity and is given as 
Mp = XH  (2-13) 
This set of equations can also be written in a cylindrical coordinate system 
as: 72 
The Equations of Continuity: 
aE  1 afrEu  )  1 a(Eue) +a(Euz)
Fluid Phase:  + 0 + 
at r ar  r ae  az 
aE Eur  ac  our  1  ac  1 au  ac  au 
+  + ur + E + u  + £ °  +u,  + =  (4-1) -F 
at r  ar  ar r  ae r ae  az  az 
all  E)± 1 afro  E)Vr )  1 a((1  c)v 0) ±a(0-6)v,)
Particle Phase:  =0 
at r ar  r a8  az 
ae  a£ av 
r  Vr  1-(1  Ve  ±(1  et9  a E  =0 
at r  ar  ar r ae  ae  az  az 
(4-2) 
The Equations of Motion: 
Fluid Phase:
 
our  our  U  our  our  aPf  E  a(/'r  ) 
Pf  PfCgr  Efiir at  r ar  r az  az  r  ar r ar 
(aUe  tle au  au  UrUe  E  aPf  Ear, 
+ u  +14, P fE  P fEgo CF19 at  r  ae  az  r  ae  r  ae 
( 
au,  au,  u0  auz  au,  ap  az pfE +ur+  +uz  =E  1 -£  pi Eg  eFI,z  (4-3)
at  ar r ae  az  az  az 
Particle Phase: 
( aV  aV  V aV  oaP,  oaPp  (1_0 a(rr p)
pp(1C) 
V 02 
at  r ar r ao r )  ar  ar  r  ar 73 
pp°  Ogr + EFI +F., 
(  av0  v0  e  aye  +vrvo  0  E)api  c)aPp pp(1s)  av0  + 
at  ar r ae  z az  r  r  ae  r ae 
0-8)arp  pp0Ogro+010 +Fme 
r  ae 
pp  avz + v  avz  +v  z + v, avz  =  Oa' 3.1  P  Oa;

at  r ar r ae  az  az  az  az
 
Pp 0 Ogz  EF1  z  Fm:  (4-4) 
The magnetic field  intensity,  H, has three components  Hr,Hz,110. 
Therefore, the magnetic force acting on the particles in a cylindrical coordinate 
system can be written as follows: 
ail aHZ 
= pto  r +H  +H 
az  z az  az 
ox(HraaHr  +Hoa He) 
ox(Hr  HoaaHee) 
(4-5) 
In order to ease experimental work and to simplify the computation of the 
bed voidage using the above model, three experimental conditions are introduced 
and simplifying assumptions are made. 
The following specific experimental conditions were used in this study: 
1. The magnetic field intensity is highest at the bottom of the bed and 74 
decreases linearly with the height of the bed (a H/a z = constant). The system is
 
symmetric in the 0 direction (cylindrical column).
 
Therefore, any derivative with respect to 0 can be neglected,
 
2.  This system is at steady state, a () /a t = 0. 
The following are the simplifying assumptions used in this study. 
1.  The mean particle velocity is assumed to be zero, V = 0. With this 
assumption, all terms that include the particle velocities,  vr,  vo, and vz, or their 
derivatives are negligible. 
2.  The fluid phase is treated as an inviscid flow except for mutual 
interaction with the particle phase. Therefore, the stress tensor terms (rf) in the 
liquid phase can be ignored in Equation (4-3). 
3.  The magnetic field intensity in the rand 0 directions are much 
smaller than the magnetic field intensity in the z direction.  Therefore, the 
magnetic field intensity in the rand 0 directions can be ignored. 
4.  The virtual mass force due to the relative acceleration between fluid 
and particle is small compared to the force due to gravity, so the second term in 
Equation (2-5) can be neglected.  The momentum terms due to the change of 
fluid velocity (fluid acceleration/deceleration term) are small compared to the 
other forces (the gravitational force, the drag force, and the magnetic force). 
Therefore, the terms on the left-hand side of Equation (4-3) can be ignored. 
5.  The distribution of flow inside the column is assumed to be plug flow 75 
(ur and u0 are much smaller than ui), therefore, any terms in Equation (4-3), 
including the velocity in the rand 0 directions, can be neglected. 
6.  The magnetic forces in the rand 0 directions are small compared to 
the magnetic force in the z direction.  Therefore, the magnetic force terms, F,,, 
and F,,0 can be ignored in Equation (4-4).  In addition, the particle stress tensor 
due to the magnetic interparticle force in the rand 0 directions can be ignored. 
7.  There is no gravitational acceleration component in the rand 0 
directions.  As a result, the terms containing go and g,- in Equation (4-3) and 
Equation (4-4) can be neglected. 
With the assumptions and specific experimental conditions listed above, 
Equation (4-1) reduces to: 
a(Eu z) 
(4-6) az 
Equation (4-2) is automatically satisfied because the mean velocity of the 
particle is assumed to be equal to zero. 
The equations of motion for the fluid and particle phases in the z direction 
are reduced to: 
The fluid phase: 
apt
o= E  p fegz  + EF,  (4-7) 
az 
The particle phase: 
ap, aP  ar 
0 =  s)  (1 s)  P  s)  P  p  (1--c)g  +EF1, +F,  (4-8)
a2  az  az  P 76 
One can rearrange Equation (4-7) to obtain: 
apf 
(4-9)
 V, f6z  1,z
OZ 
By substituting Equation (4-9) into Equation  (4-8) and rearranging the terms 
zaP  az- \
0 = (1 EX pi gz  Ftz ) (1 E)  pp (1 E)gz + EF1,2 + F,,z  (4-10) 
aZ  aZ 
(app +az- `
 
o = 0 0/if ,grz +  E)F1z  E)  pp  E)gz + EFtz + Fm  (4-11)
 
az  az
 
With the help of Equation  (2-14), one can write Equation  (4-11) as: 
0 = (pp pf )(1 E)gz +F1 + (1 E)E-886 + [.to (1  E)xHz  88Hz  (4-12) 
The constitutive expression for the drag force,  F1,z,  is given by the 
following equations: 
F2  = /3(EXU  V)  (4-13) 
1500.  Eltlf  1.750  011  Vlpf 
(4-14) =  dE2  dpE2 
Then, Equation  (4-12) can be written as: 
150(1  E)2 ,u  Uo  1.75(1  E)pjU(; 
0 = -(pp  pi  )(1-E)gz + 
d2E3  dE3 
aE dH 0Eg 110(1 E)xx  z  (4-15) 
az+  dz
 77 
The elastic modulus is defined by Equation (2-18) as follows: 
126(Vpg011)27zr(87r2r6 +12gr3xVp +x2V;) E_  P  (2-18) 
pt 0  27zr + xVp Al 
dp  71"  m
where  r =dp+  and  k = 
6(1 E)  (6  coy 
1 50pf Uo
We define  (4-16) a= 
dp2 (Pp  Pt )g 
1.75pfuU,; 
9 =  (4-17) dp(pppi)g 
1 
=  (4-18) pf)gi, ( 
dH I-tox
Y=  (4-19) 
(Pp  pf  dz 
It is important to remember that in all these experiments, a Hz' a z is 
constant, otherwise this function must be supplied separately. Equation (4-15) 
can be rewritten as: 
ac  E3  8)  ylize 
(4-20)

a z11,  XEc 3 
with boundary conditions  z/L = 1, E 78 
Equation  (4-20) is used to determine the corresponding voidage at any 
given fluid velocity, magnetic field intensity, and magnetic field gradient. In order 
to determine the voidage distribution in G-MAFB systems, the values of process 
parameters, such as fluid velocity, magnetic field intensity and size of the particles 
must be known. 
In the absence of gravity (Og), the first term on the right hand side of 
Equation (4-15) vanishes and after rearranging we obtain: 
aE  -a(1-0, yr&
3  aH 
az 
(4-21)

az  Ec3 
150,ufUo 
a=
  (4-22)
 
dp2 
1.75p jUc2,.
 
(P=  (4-23)

dp 
7= 11 o X  (4-24) 
4.2  Voidage distribution experimental method 
The magnetic field  intensity  is  measured beforehand by using the 
gaussmeter (see Appendix F).  The pressure drop,APi(d),  in the column is 
measured by using the pressure probe as described in Section  3.4.1.  The 79 
pressure probe is inserted vertically into the top of the column and moved axially 
to measure the dynamic pressure every 0.5 centimeters from the bottom to the 
top of the bed. 
The dynamic pressure is defined as the total vertical  pressure corrected 
for the hydrostatic head (static pressure pfgdz) of the fluid.  It is expressed as: 
dPf  dPf (d)  + p g  (4-25) dz  dz 
The total vertical pressure drop through the bed is strongly related to the 
holdup of each phase and the magnetic force acting  on the particle phase. It is 
defined as: 
dP
f .(spi+(lc)pp)g+1.10(1c)xHz 
Hz +(1E)E  (4-26)
dz  az 
In Equation (4-26), we assumed that the frictional loss  on the wall is 
negligible.  Substituting Equation (4-26) into Equation (4-25), one obtains: 
dP f(d) =(1 e)(pp  )gi-ptc,(1  e)xlic,  az- +0-6)E&  (4-27) dz 
With the help of Equation (4-15), one can  rearrange Equation (4-27) as: 
2 dPf(d)  150(1 e  )2 piLlo  1.7 5(1  c  xp )Pp U0 
(4-28)
dz  dp2 c3e d  C3 xp  p exp 
By measuring the pressure drop, APf(a), for a small interval Az, the 
corresponding voidage at any location in the bed can be evaluated with Equation 
(4-28). 80 
The voidage distributions obtained from the experiments are compared 
with those obtained from the voidage distribution model. The numerical data for 
the dynamic pressure drop, APf(d) ,  at any location in the bed, for different flow 
rates and different magnetic field gradients, are found in Appendix K. 
The experiments in the Og environment are conducted on board the NASA 
KC-135 aircraft. The trajectory flown on each maneuver provides approximately 25 
seconds of zero-gravity conditions for experiments. Particles C and D  are fluidized 
in a square two-dimensional fluidization column with a fixed magnetic field 
gradient at different liquid flow rates.  Because each maneuver provides only 25 
seconds for an experimental run, the only experimental data that are recorded, 
the height of the bed at any given liquid flow rate, are filmed by a video camera. 
The trajectory is shown in Figure 4.1.  Figure 4.2 shows a photo of experiments 
performed on the aircraft. 
The Reduced Gravity Student Flight Opportunities program is sponsored by 
NASA and administered by the Texas Space Grant Consortium. By flying a series of 
parabolic trajectories, NASA's Boeing KC-135 aircraft provides a true three-
dimensional "weightless" environment. This airplane has been widely used as a 
platform for testing in reduced-gravity environments and for the training of US 
astronauts. 81 
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Figure 4.1  Trajectory of the Boeing NASA KC-135 aircraft. 
Figure 4.2  Experiments in Og conditions onboard the NASA 
KC-135 aircraft. 82 
4.3  Filtration model 
The material balances for waste particles in the G-MFAB and in the holding 
tank are presented in Chapter 2. A summary of these material balances for both 
control volumes of the system is shown below: 
ac*(o,t)
The holding tank:  FC*(L,t)--FC*(0,t) = Vtank  (2-25)
at 
Initial Conditions:  C10,0) = Co 
14 
ax  at  at 
Initial Conditions:  C(x,0) = 0;  t = 0,  0 < x L 
Boundary Conditions: ego = at);  x= 0,  t> 0 
C(0,0) = c(0);  x= 0,  t= 0 
The G-MAFB:  -ac*(x,t) a'ao- =a(Ec*(x,t)) (2-26) 
au  k,c,*(x,i)
The rate of filtration  k2 Cr  (2-27) a' at 
Initial Conditions:  0(x,0) = 0;  0< x< L 
Clx,0) = 0;  t = 0,  0 < x L 
In our study, we assume that once the biomass particles are deposited on 
the surface of the magnetic media bed particles, they will form a thin layer of 83 
biomass waste on the particle surface, hence, the actual media diameter  may 
increase as the biomass is deposited. The variation in the media nominal diameter 
as the waste mass is deposited can be expressed as: 
d p(x,t)= dp(x,0)+a(x,t)  (4-29) 
Pstraw 
The primary effect of this correction is actually related to the voidage of the bed, 
at any given time, which can be presented as: 
at; (x, 
1  (1
  go  (4-30)
 dp3 (x.0) 
With the help of Equation  (4-29) and  (4-30), Equation (2-26) can be rewritten as 
aC * (x,t)  aoix,t)  [  d (x,t)lac*(x,t) u0  a'  ,  Eo)
ax  at  d x,0) pj  at 
3(1 co) dp2(x,t) acr(x,t) 
(4-31)
 pc,.  d; (x, 0)  at 
Equations (2-25), (2-27) and (4-31) are solved numerically, and accumulation and 
detachment coefficients, k1 and k2, are evaluated using an optimization procedure 
(a Fortran program provided in Appendix 3). 84 
4.4  Filtration experimental method 
A series of filtration experiments is conducted in the G-MAFB system 
presented in Chapter 3. A magnetic field inside the filtration column is set such 
that the field intensity is highest at the bottom of the bed, and decreases toward 
the top of the bed. This arrangement produces a direct magnetic force on the 
ferromagnetic filter medium, which is oriented downward toward the distributor 
plate and fixes the bed in position.  In our filtration experiments, the magnetic 
field gradient is fixed and flow velocities are varied between 0.54 and  1.34 cm/s. 
At the beginning of the filtration experiment, the bed is fluidized at a fluid velocity 
greater than the minimum fluidization velocity and the magnetic field is still off at 
this point. The biomass waste particles are uniformly distributed through out the 
system. Then, the magnetic field is turned on and the fluid velocity is set to a 
desired flow rate.  At this point, the bed media is packed and biomass (wheat 
straw particles), which are suspended in an aqueous stream recirculating between 
the holding tank and the magnetically consolidated filter bed, starts to deposit  in 
the bed.  Loading of the filter  is monitored by the reduction in  particulate 
concentration within the holding tank as a function of time, which is determined 
by changes in the optical density of the suspension. The holding tank is stirred 
with a magnetic stir plate placed underneath to prevent settling of the biomass 
particles. 85 
CHAPTER 5
 
EXPERIMENTAL DATA AND RESULTS
 
This chapter presents experimental  results from voidage distribution 
experiments and filtration experiments. The voidage distribution model presented 
in Chapter 4 is verified with the experimental data obtained both in the laboratory 
and in the Og environment on board NASA's KC-135 aircraft. The  filtration 
experimental data are compared with the filtration model, and the characteristics 
of the accumulation and detachment coefficients are discussed. 
5.1  Voidage distribution experimental Data and Results 
5.1.1  Effect of magnetic force on the gradient-magnetically assisted fluidized bed 
As mentioned in Chapter 2, the ferromagnetic particles  are subjected to a 
magnetic force when they are placed in a gradient magnetic field.  A magnetic 
field inside the column is created such that the field intensity is highest at the 
bottom of the bed, and decreases linearly toward the top of the bed at a constant 
rate (dHjdz=constant). As a result, magnetic force on the ferromagnetic particles 
is oriented downward toward the distributor plate and against the drag force. The 
magnetic field intensities used in the experiments are provided in Appendix F. 86 
Table 5.1, Figure 5.1, and Figure 5.2 represent the effects of the magnetic forces 
on bed expansion within the magnetically assisted fluidized bed. Two general 
observations can be made at a given magnetic field intensity and field gradient: 
the height of the bed increases as the superficial fluid velocity increases, and vice 
versa, at a given superficial fluid velocity, the height of the bed decreases as the 
magnetic field intensity and field gradient increase. 
Table 5.1	  Bed height at different fluid flow rates and different 
magnetic field gradients for ferromagnetic particles A and B 
H, at the	  Packed  Fluidized Flow rate	  dH,/dz Particle	  bottom  Bed Height  Bed Height [m/s]  [A/m/m]  [A/m]  [m]  [rn] 
A  0.0176  0  0  0.065  0.145 
A  0.0176  -14663  4276.5  0.065  0.130 
A  0.0176  -18289  5334.3  0.065  0.120 
A  0.0176  -20543  6262.1  0.065  0.110 
A  0.0222  0  0  0.095  0.240 
A  0.0222  -14663  4276.5  0.095  0.220 
A  0.0222  -18289  5334.3  0.095  0.205 
A  0.0222  -20543  6262.1  0.095  0.190 
B  0.0222  0  0  0.170  0.252 
B  0.0222  -14663  4276.5  0.170  0.240 
B  0.0222  -18289  5334.3  0.170  0.230 
B  0.0222  -20543  6262.1  0.170  0.217 
Compositions and characteristics of particles A and B are presented in section 3.5. 87 
It is clear that the magnetic field intensity and field gradient have a 
significant effect on the bed height. Experimental observations show that there  are 
three distinct regions that appear in the magnetic fluidized bed. The first is the 
region adjacent to the distributor plate. The water coming through the distributor 
plate has a high velocity, and creates small jets above the distributor plate. These 
jets exchange momentum with the surrounding fluid and particles.  As a result, 
the particles in this region move vigorously, with visible vibrations.  For a given 
fluid velocity, the length of this zone depends on the magnetic field intensity and 
the field gradient. This zone is longer at lower magnetic field intensities, and  can 
diminish or even disappear if the magnetic field intensity is substantially increased. 
Above this jetting zone is the region where the particles are packed and 
the jets no longer influence movement of the particles. This region is established 
whenever the magnetic forces are stronger than the drag forces acting  on the 
particles.  In most of our laboratory studies, this zone was eliminated by carefully 
choosing the appropriate fluid flow rate and field intensity. 
The third region, usually observed at the top of the bed, is characterized as 
"normal/usual" fluidization. In this region, magnetic forces are well balanced with 
other forces to allow particulate fluidization. 88 
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Figure 5.1  Bed expansion as a function of superficial fluid 
velocity for the different magnetic field intensities and field 
gradients (dp,A  = 2.16 mm and dp,B  = 2.5 mm). 
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Figure 5.2  Bed expansion as a function of the magnetic field 
gradient for different superficial fluid velocities. 89 
5.1.2  Voidage distribution experimental data from laboratory experiments 
In laboratory experiments, the dynamic pressure,  AP,(d), is measured 
every 5 millimeters from the bottom to the top of the column. The corresponding 
voidage at any location in the bed can be evaluated with Equation (4-28). 
dPf (d)  150(1sexp  ,u U o  1.75(1  xp )1,p U2 0 
(4-28)
dz  d p2. £ e3  d pe:xp 
Figure 5.3 illustrates the dynamic pressure drop obtained in the G-MAFB 
containing particle A, and Figure 5.4 shows the corresponding voidage. 
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Figure 5.3  Dynamic pressure drop of particle A in the G-MAFB 
dhlz/dz =  20,543 A/m/m, 110 = 0.0222 m/s, and hbed = 0.190 m. 90 
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Figure 5.4  Voidage distribution of particle A in the G-MAFB 
dFlz/dz =  20,543 A/m/m, Uo = 0.0222 m/s, and hbed = 0.190 m. 
The complete numerical data for the dynamic pressure drop, APJ(d) and 
corresponding experimental voidage, at any location in the bed, for different flow 
rates and different magnetic field gradients, are listed in Appendix K. 
5.1.3	  Voidage distribution experimental results from laboratory experiments 
The voidage distribution obtained from the model presented in Chapter 4 is 
here compared to the voidage distribution obtained from the experiments.  In the 
voidage distribution model, the final height of the bed, the superficial fluid 91 
velocity, and the magnetic field intensity at any given magnetic field gradient, are 
needed to predict the voidage distribution in the column.  This is done by 
integration of the model, Equation  (4-20).  Once again, the voidage distribution 
model is represented by: 
ag  E3 41 6) 
azx  XEc3 
with boundary conditions: 
3
£ 
(4-20)
 
z/L = 1, E =1 
The parameters in Equation (4-20) are defined as: 
150,ufUo 
a=  (4-16)
dp2(pp  P 1 ),g 
1.75pfUa 
(4-17)
 = dpkpppi)g 
X= 
1 
(4-18) t P 1)e-, 
1-toX  dH 
=  (4-19) p  dz 
12(xv 1.10H ,)2 nr(87r2r6 +122zr3xVp + X2 Vp2
E  P  (2-18)
Ap  Ptcj--27tr3 +xvp) 
d
r = d + 
7T 
(2-23)
k  6(1 e) 
k= 
m 
(2-24)

(6-6)" 92 
Figures 5.5 to 5.17 represent the voidage distribution experimental data 
and values predicted from the voidage distribution model. The values of m and n 
in Equation (2-24) are evaluated using an optimization procedure, and they are 
found to be 4.14 and 0.50, respectively.  In addition, the calculated total mass of 
particles in the bed, using both experimental data and calculated voidage is 
compared with the measured mass of particles in the bed (Figure 5.18). These 
data provide insight into the applicability of the model and the resolution of our 
experiments. 
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Figure 5.5  Voidage distribution of particle A in the G-MAFB, 
dhlz/dz = -20,543 A/m/m, Uo = 0.0176 m/s, and hoed = 0.220 m. 93 
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Figure 5.6  Voidage distribution of particle A in the G-MAFB 
dHz/dz =- 14,663 A/m/m, U0 = 0.0222 m/s, and hbed = 0.220 m. 
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Figure 5.7  Voidage distribution of particle A in the G-MAFB 
dHjdz =  18,289 A/m/m, Uo = 0.0222 m/s, and hbed = 0.205 m. 
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Figure 5.8  Voidage distribution of particle A in the G-MAFB 
dHjdz =  20,543 A/m/m,  Uo = 0.0222 m/s, and hbed = 0.190 m. 
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Figure 5.9  Voidage distribution of particle A in the G-MAFB 
dHjdz = - 14,663 A/m/m, U0 =  0.0176 m/s, and hbed = 0.130 m. 
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Figure 5.10 Voidage distribution of particle A in the G-MAFB 
dHz/dz =  18,289 A/m/m, U0 = 0.0176 m/s, and hbed = 0.120 m. 
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Figure 5.11 Voidage distribution of particle A in the G-MAFB 
dHz/dz = - 20,543 A/m/m, Uo = 0.0176 m/s, and hbed = 0.110 m. 96 
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Figure 5.12 Voidage distribution of particle A in the G-MAFB 
c1F1,/dz = - 20,543 A/m/m, U0 = 0.0199 m/s, and hbed = 0.130 m. 
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Figure 5.13 Voidage distribution of particle A in the G-MAFB 
dHjdz =  33,798 A/m/m, U0 = 0.0199 m/s, and hbed = 0.115 m. 97 
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Figure 5.14 Voidage distribution of particle B in the G-MAFB 
dHz/dz = - 14,663 A/m/m, U0 = 0.0222 m/s, and hbed = 0.187 m. 
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Figure 5.15 Voidage distribution of particle B in the G-MAFB 
dHz/dz =  18,289 A/m/m, 1/0 = 0.0222 m/s, and hbed = 0.178 m. 98 
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Figure 5.16 Voidage distribution of particle B in the G-MAFB 
dFlz/dz =  20,543 A/m/m, Uo = 0.0222 m/s, and hbed = 0.165 m. 
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Figure 5.17 Voidage distribution of particle B in the G-MAFB 
dFiz/dz =  20,543 A/m/m, Uo = 0.0222 m/, and hbed = 0.217 m. 99 
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5.1.4  Experimental data on board NASA's KC-135 aircraft 
In the experiments performed in the zero-g environment onboard the 
NASA-KC135 aircraft, the height of the bed is recorded at a fixed magnetic field 
strength for different flow rates. As previously mentioned in section 4.2, each 
maneuver provides only 25 seconds for an experimental run, therefore, the height 
of the bed and the position of the interface between packed and fluidized particles 
at any given liquid flow rate are the only experimental data that could be 
recorded. These experiments were conducted by the Chemical Engineering Flight 
Team onboard the NASA KC-135 aircraft, Ellington Field, Houston, TX.  The 100 
magnetic field intensity used in the zero-g experiment is provided in Appendix F. 
Table 5.2 represents the height of the bed at a fixed magnetic field strength for 
different flow rates. 
Table 5.2  Bed height at a fixed magnetic field strength for different flow rates 
Particle  Flow Rate 
[m/s] 
Packed Bed 
Height [m] 
Fluidized Bed 
Height [m] 
C  0.0000  0.160  0.160 
C  0.0010  0.160  0.160 
C  0.0055  0.160  0.195 
C  0.0075  0.160  0.200 
C  0.0110  0.160  0.210 
D  0.0000  0.180  0.180 
D  0.0010  0.180  0.210 
Compositions and characteristics of particles C and D are presented in section 3.5. 
5.1.5  Experimental results on board NASA's KC-135 aircraft 
In chapter 4, the voidage distribution model in the absence of the gravity is 
presented in Equations (4-21) to (4-24). 
ae 
-ao 0 y  yli,c
3 dH 
z 
dz  (4-21) 
az  Es' 101 
150p  fU0 
a =  (4-22)
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1.75pf 
=  (4-23)
dp
 
1' =110X  (4-24) 
)2/zr(87r2r6 +12gr3xVp + x2V;) 
= P  z E12(xvP  (2-18)

AP  25r3 + xVp y 
d
 r=dp+ P  IT  (2-23)
k  6(1-E) 
m
 k=
 
1  (2-24) 
(c-0)?' 
Because of the change in cross-sectional area of the bed, the superficial 
fluid velocity at any location in the bed can be defined as: 
uo (0)
uo(z)=  (5-1)
(1  2htan0)
+
 
xo
 
where tan (0) is the slope of the column, h  is any height of the bed, and x0 is the 
width of the fluidization column at h = 0. 
The values of m and n, (Equation  2-24) are found to be 1.75 and 0.50, 
respectively. The model prediction of the voidage distribution and the bed height 
in the MAFB in the Og environment, including the experimentally observed bed 
heights, are shown in Figures 5.19 to 5.25. The height of the bed obtained from 102 
the model prediction is compared to the height of the bed obtained experimentally 
in Figure 5.26. In addition, the calculated total mass of particles in the bed, using 
the model predicted voidage distribution,  is compared to the actual mass of 
particles in the bed (Figure 5.27). 
It is noted in the Og experiments that all particles are not completely 
fluidized.  Some particles are packed at the bottom of the bed up to a certain 
height due to the strength of the magnetic force in that region where the 
magnetic force is stronger than the drag force from the fluid.  Notice, also that the 
strength of the fluid jets at the bottom of the bed is not sufficient to  cause 
fluidization or even movement of the particles.  Particles start to fluidize at the 
location where the drag force is in equilibrium with the magnetic force. 
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The experimental  results from the two very  different experimental 
conditions, ig environment and Og environment, produced two sets of parameter 
m and n in Equation (2-24). 
m = 4.14, n = 0.5  for 1g environment 
m = 1.75, n = 0.5  for Og environment 
It is remarkable that constant "n" in both cases has a numerical value of 
0.5.  This indicates the existence of an underlying fundamental principle that is 
characteristic for the liquid-solid fluidization, and that is unchanged for obviously 
dramatically different fluidization conditions prevailing in ig and Og environments. 
During the development of the voidage model we did not anticipate this. 
However, we are now ready to incorporate this "discovery" into the equation 
describing the axial distance between two adjacent particles (Equation 2-24) in the 
following manner: 
r = d + 
d'  (5-2) '  m  6(1  2) 
Thus, Equation  (2-24) is not necessary anymore for model definition. This 
entire voidage model is now expressed in terms of single adjustable parameter 
"m". The rest of the terms in the model are consequence of the application of 
first principle and do not contain adjustable parameters. 
We believe that parameter "m" is reflecting the role of relative inertial 
effects of liquid and/or fluid phase with respect to all other forces in fluidized beds 
under the two dramatically different experimental environments (Og and 1g). 108 
5.2  Filtration experimental Data and Results 
5.2.1  Filtration experimental data 
A series of filtration experiments was conducted using a fixed magnetic 
field gradient (see Appendix F), and flow velocities varying between 0.54 and 1.34 
cm/s. A magnetic field inside the filter column was created such that the field 
intensity was highest at the bottom of the bed, and then decreased toward the top 
of the column.  The magnetic force on the ferromagnetic filter medium  was 
orientated downward toward the distributor plate. Biomass waste particles (wheat 
straw particles) suspended in an aqueous stream were recirculated between  a 
holding tank and the magnetically consolidated filter bed (see Figure 5.28) at  a 
fixed flow rate and magnetic field intensity. The particulate concentration within 
the holding tank was recorded as a function of time to determine the loading of 
the filter.  Particles E and F (composition and characteristics of particles E and F 
are presented in section 3.5) are used as the filter media.  Figure 5.29 illustrates 
an example of the experimental data obtained in the filtration experiments. The 
complete filtration experimental data for different flow rates are provided in 
Appendix L. 109 
Figure 5.28 G-MAFB apparatus used in filtration experiments. 
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Figure 5.29 Change of biomass concentration in the holding 
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packed bed condition. 110 
5.2.2  Filtration experimental results 
The experimental results and model fitting with appropriate accumulation 
coefficient, k,, and detachment coefficient, k2, are presented in Figures 5.30 to 
5.40.  The nominal particle diameter, derived from centrifugal sedimentation 
measurements, was used to characterize the size of the biomass waste particles. 
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In this study, we found that the accumulation coefficient is related to two 
mechanisms involved  in  the  deposition  of straw  particles,  namely,  direct 
interception  and  inertial  impaction.  The  effect  of  electrostatic  attraction 
mechanisms can be verified by adjusting the pH of deionized water (pH  = 3.6, 7.0 
and 9.8) in the filtration system, as shown in Figure 5.41. The changes in pH will 
vary the effective surface charges of the particles (Akse (2001)). The filtration 
experimental results show that there is no difference in the filtration rate at 
different pH.  Therefore, there is no evidence of an electrostatic mechanism 
playing a role in this filtration process. 
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Figure 5.41 Change of biomass concentration in the holding 
tank at different pH, dp = 3.5 mm, Dp = 73.52 gm, Uo = 0.00825 
m/s, dFlz/dz =  38,817 A/m/m and packed bed condition. 117 
Black (1967) suggested that if the value of the Peclet number (in the 
Brownian diffusion mechanism) is much above 100, the collection efficiency by this 
mechanism can be ignored. Typically estimated Peclet number in our experiments 
is at the order of 106, therefore; Brownian diffusion deposition mechanism is 
negligible. 
As previously mentioned in section 3.6, the three different methods for 
estimation of biomass particle diameter were employed in this study. The general 
form of the correlation for the accumulation coefficient (k1) derived from 
dimensional analysis (see Appendix I),  as a function of hydrodynamic and 
geometric parameters of the filtration system is proposed as follows; 
(  I 
kIDp  Uokpc0.pi)Dp2\c 
(5-3)
U0  a d 
P  \  pidp 
The values of a, 4 and c depend on characteristic length scales Dp and dp. 
The length scales dp was measured with high accuracy. However, determining the 
characteristic nominal length scale of waste particles depends on the measuring 
technique as indicated in section 3.6.  The values of a, b, and c, within the range 
of our experimental results, are listed in Table 5.3.  Figures 5.42 to 5.44 illustrate 
the values of k1 derived using the different particle diameter measurement 
methods. 118 
Table 5.3  Values of parameters in the accumulation correlation 
Method  Parameter  Est. 
Value 
Standard 
Error 
T 
Statistic  P-Value 
Ln (a)  -0.41  0.50  -0.82  0.4163 
Sieve Screen 
Anaylsis 
b  2.77  0.24  11.43  0.0000 
c  -0.42  0.09  -4.48  0.0001 
Centrifugal 
Sedimentation 
Ln (a) 
b 
0.01 
2.74 
0.55 
0.23 
0.02 
11.80 
0.9867 
0.0000 
c  -0.45  0.09  -4.93  0.0000 
Microscope 
Analysis 
Ln (a) 
b 
-1.27 
2.77 
0.34 
0.25 
-3.71 
11.29 
0.0008 
0.0000 
c  -0.41  0.09  -4.35  0.0001 
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Figure 5.42 Correlation for the accumulation coefficient (k1) 
obtained from intermediate size screen analysis. 119 
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Figure 5.44 Correlation for the accumulation coefficient (k1) 
obtained from optical microscope analysis. 120 
The analysis  leading toward the  correlation  for  the detachment 
coefficient (k2) is somewhat different from the analysis related to the accumulation 
coefficient (k1). We experimentally observed that the deposited waste biomass is 
in the form of particle clumps and/or bio-waste film, which surrounds fluidization 
particle.  Therefore, straw particles in the bio-waste film loose their 'identity' and 
they interact with the fluid as a solid bio-film. Consequently, we may assume that 
the nominal diameter of waste particles (Dp) will not play an important role in the 
correlation for the detachment mechanism. Local fluid flow condition characterized 
by a local velocity (IQ and the size of the fluidization particles (di,), is much  more 
likely to play a role in the detachment mechanism.  Furthermore, the ratio 
between fluidization particle diameter (di,) and the fluidization column diameter 
(D,) may also play a role in the detachment mechanism.  It is well accepted in 
the fluidization practice that column to particle ratio must be larger than 20 
[(ad dp)> 20] if the influence of column walls on fluidization phenomena should 
be considered negligible. The (D, I dp) ratio in our experiments was in the range 
of 14.39 - 20.14 which is close to the recommended value. Unfortunately all  our 
experiments were performed in a single column and we could not test the 
influence of this parameter on the correlation for the detachment coefficient. 
We first investigated the interdependence between the coefficient k2 and 
the two fluidization parameters U, and dm 
k2=etIold:  (5-4) 121 
and found relatively strong interdependence as represented through correlation 
statistics in Table 5.4. 
Table 5.4  Values of parameter in the detachment correlation 
Method  Parameter  Est. 
Value 
Standard 
Error 
T 
Statistic  P-Value 
All Three  Ln (e)  -15.69  2.77  -5.67  0.0000 
Particle Size  f  0.75  0.22  3.44  0.0017 
Analysis 
g  -1.90  0.45  -4.23  0.0002 
Therefore, 
k2 = 1.53x 10-7 U0°75d;-,1 9  (5-5) 
The above correlation can be rewritten, without any loss of generality, in 
the following form: 
-0.65 /  \ -0.25 
k  d  dpUopj. 
2  P = 3 .2x 10-5( dP  (5-6)
U0  Dior  \  /if 
Figure 5.45 illustrates how the above correlation fits the experimental 
data. Notice, that the nominal diameter of the bio-waste particle is not included in 
the definition of this correlation. The standard error of coefficient e, f, and g in 
the above correlation are larger than the corresponding errors obtained in the 
correlation for the accumulation coefficient /fl.  This is a consequence of the fact 
that the  accuracy  of the  correlation  for  the  detachment  coefficient  k2 
predominantly depends on the accuracy of data at the end of the filtration 
process. Since the concentration of the biomass waste at the end of the filtration 
process was typically very close to zero, the experimental 'noise' at this level of 122 
concentrations was of the same order of magnitude as measured concentrations. 
Therefore, significant uncertainties are involved in the above correlation, thus its 
lower accuracy. 
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CHAPTER 6
 
DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS
 
6.1  Discussion 
6.1.1  Discussion of voidage distribution experiments 
From the experimental data and the voidage distribution model presented 
in Section 5.1, we can conclude the following: 
(i)  The experiments conducted with the Gradient-Magnetically Assisted 
Fluidized Bed (G-MAFB) under non-uniform magnetic field conditions proved that 
magnetic forces may be employed as a means for controlling bed voidage and 
height in normal gravity and for producing stable fluidization in a microgravity 
environment. The magnitude of the additional magnetic force is dependent on 
both the magnetic field intensity and the field gradient. Experimental observations 
demonstrate that the magnetic forces play a major role  in  keeping the 
ferromagnetic particles from escaping from the bed under microgravity conditions. 
Without the magnetic force,  it  is not possible to maintain the particles in the 
fluidized state.  As shown in Figures 5.1 and 5.2, the height of the bed, at any 
given fluid velocity, decreases as the field intensity and the field gradient increase. 
As a result, the average bed porosity decreases as the magnetic field intensity and 
field gradient increase, for any given superficial fluid velocity. The previous studies 124 
by Al-Mulhim (1995) and Rhee (1998) proved that decreasing the bed voidage 
results in a better particle-fluid mass transfer.  Therefore, based on observed 
behavior, one may conclude that the magnetically fluidized bed will also enhance 
the mass transfer rate and improve the chemical conversion efficiency. 
(ii)  We are able to predict the voidage distribution in the G-MAFB in 
both Og and normal lg conditions.  In the proposed model, the Discrete Particle 
Method (DPM) approach is successfully used as an investigative tool for the Two-
Continuum Phase (TCP) representation of fluidized beds.  In developing the 
model, the magnetic interparticle forces used in the DPM is transformed into  a 
particle-phase modulus of elasticity which is then used in the TCP model. The 
proposed model describes very well the experimental data obtained from both 
laboratory and Og experiments.  An example of the typical corresponding elastic 
modulus at any location in the G-MAFB is shown in Figure 6.1. As expected, the 
elastic modulus is higher at the bottom of the bed and gradually decreases toward 
the top of the bed according to the magnitude of the magnetic force acting on the 
ferromagnetic particles. 
(iii)  The overall  accuracy of the proposed model  is  verified  by 
comparing the mass obtained from the voidage distribution predicted by the model 
to the actual mass, and it falls within 12.5% maximum error in the lg experiments 
and 17.3% maximum error in the Og experiments.  It is noted that the calculated 
masses from the laboratory experiments are consistently lower than the exact 
masses. The calculated masses from the laboratory experiments are based on the 
dynamic pressure drop, which is difficult to measure and may involve an  error up 125 
to 4%. In addition, particles exchange momentum with the column wall and the 
distributor plate. This undoubtedly reduces the dynamic pressure drop. Therefore, 
the calculated mass from experiments is always lower than the actual mass. 
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Figure 6.1  Voidage distribution and elastic modulus of particle A in the 
G-MAFB, dHz/dz =  20,543 A/m/m, Uo = 0.0222 m/s, and hbed = 0.190 m. 126 
6.1.2  Discussion of filtration experiments 
From the experiment results shown in Figures 5.30 to 5.40,  we can 
conclude the following: 
(i)  At a given magnetic field intensity and gradient, the filtration rate 
increases as the fluid superficial velocity increases.  In these experiments, the 
concentration of the waste particles was substantially lowered during the filtration 
process. However, the concentration of waste particles remains constant after it 
reaches the steady state. The filtration process can be characterized by the  rate 
of accumulation of waste particles in the bed and the rate of detachment of 
already-filtered particles.  Figure 6.2 shows an example of our experimental 
results. Although we were not able to directly measure the change of the filtration 
media diameter and associated change of voidage distribution inside the bed, and 
the mass distribution of waste particle inside the bed, the developed model  gave 
us an insight how these important variables were changing along the bed height. 
The data shown in Figures 6.3, 6.4, and 6.5 represent the corresponding changes 
in the filtration media diameter, waste particle mass deposited inside the G-MAFB, 
and voidage, respectively, as the filtration operation progresses. Figure 6.6 shows 
the comparison between actual mass and mass obtained from the proposed 
model. 127 
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(ii)  In this study, the bench-scale G-MAFB was built as a part of a solid 
waste destruction process, as previously shown in Figure 2.7. With the proposed 
correlations for accumulation coefficient (k1) and detachment coefficient (k2), the 
changes of biomass particle concentration, media, and voidage of the G-MAFB, 
can be readily estimated. 
In the filtration experiment in the bench-scale G-MAFB, the biomass waste 
particles, DI, = 73.52 pirn, are filtered in fluidization media, dp= 2.7 mm, in bed 
height hoed = 0.35 m, at fluid velocity, Uo = 0.01957 m/s. The corresponding k1 
and k2 from the correlations are found to be 0.1764 [m3liquid/m3bed-sec] and 130 
0.00059 [1/s], respectively. The predicted change in biomass concentration in the 
holding tank as the filtration progresses is shown in Figure 6.7. This figure clearly 
demonstrates that the predicted changes in biomass concentration in the holding 
tank are in good agreement with the experimental data.  Figures 6.8, 6.9, and 
6.10 represent the predicted changes in the filter media particle diameter, 
biowaste  mass  deposited  within  the  G-MAFB,  and  voidage  distribution, 
respectively, as the filtration progresses. Figure 6.11 shows the predicted changes 
in mass within the G-MAFB and in the holding tank obtained from the proposed 
model. 
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6.2  Conclusions 
The influence of the magnetic field and the field gradient on the G­
MAFB observed in the laboratory experiments agrees well with the experiments 
performed in the Og environment. The experiments showed that the magnetic 
force plays an important role in controlling the bed voidage and the height of the 
bed: 
(i)  at a given magnetic field intensity, H and field gradient, with 
dHz/dz constant, the height of the bed increases as the superficial fluid velocity 
increases: 
(ii)  at a given fluid superficial velocity, Uo ,  the height of the bed, h, 
decreases as the magnetic field intensity and its gradient increase. 
The magnetic force is dependent on the magnetic field intensity and 
the field gradient.  In our experiments, the magnetic field gradient was kept 
constant. The magnetic field intensity was greatest at the bottom of the column 
and gradually decreased toward the top. The magnetic force acting on particles, 
therefore, was directed downward toward the distributor plate and was most 
intense at the bottom decreasing with increasing height of the bed. As a result, 
the particle holdup (voidage) varies within the bed as a function of bed height. 
The voidage distribution model developed in this study is based on the 
four governing equations, namely, the equations of motion and the equations of 
continuity in both liquid and particle phases.  In addition, in the equation of 
motion for particle phase, the magnetic interparticle forces used in the DPM 134 
approach are transformed into a particle-phase modulus of elasticity, representing 
the shear stress in the particle phase. The resulting expression of the voidage 
distribution is given as: 
ac  41  ylize 
(4-20)

a z11,  kEE 
with boundary conditions:  z/L = 1, E  =1 
The parameters in Equation (4-20) are defined as: 
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The experimental results derived in the laboratory  agree well with the 
predictions derived from the model.  The experiments in the Og environment 
onboard the  NASA KC-135 aircraft also proved that the magnetic force has a 
significant role in keeping the particles from escaping from the bed.  The voidage 
distribution model in the absence of the gravity is expressed as: 
-a(1E)(p 71-1,E 3  z  as  aZ 
(4-21)
 az  Ec3 
150pJUO 
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where m = 1.75 for Og environment. 
The proposed model describes very well the experimental data obtained 
from Og experiments. 
The feasibility of the G-MAFB as a renewable filter, utilizing magnetic force 
to achieve stable fluidization, has been successfully demonstrated in  our study. 
This technology has many potential areas of application.  Filtration experiments 
conducted in the laboratory have shown that the G-MAFB based methods  can 136 
successfully separate biomass waste particles from a recirculating liquid  stream. 
Within the range of fluid velocities used in the filtration experiments, the rate of 
filtration increases with the fluid velocity. The correlation of the accumulation, as 
a function of hydrodynamic and geometric parameters of the filtration system, are 
proposed as: 
Sieve Screen Analysis: 
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The correlation for detachment coefficient is proposed as; 
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The contributions of this research to chemical engineering science  can be 
summarized as follows: 
1. There are two major approaches in modeling the fluid dynamic 137 
behavior of the fluidization beds, discrete particle modeling (DPM) and two-
continuum phase modeling. The DPM approach entails long computing time and is 
limited to the small number of particles that can be incorporated into numerical 
calculations. The two-continuum phase fluid model approach offers the advantage 
of less computing time than the DPM method.  However, in the two-continuum 
phase model, the constitutive relationships of any terms that  appear in the 
governing equations have to be defined explicitly  in terms of fluid/particle 
properties.  Other researchers (Rosensweig 1979 and Conan 1996) have studied 
the stability of the magnetically fluidized bed, but none of them incorporated the 
effect the interparticle force in their modeling. Even though Rietema (1977, 1990, 
1993) investigated the interparticle force in a conventional fluidized bed and 
expressed the interparticle force in term of elastic modulus, his theoretical 
development is still not practical for use in fluidization simulation. 
In our studies, the particle pressure and particle stress tensor, created by 
interparticle magnetic forces, are replaced explicitly with the elasticity term in the 
governing equations. The magnetic interparticle force developed and used in the 
Discrete Particle Method (Pinto-Espinoza, 2002) is transformed into the elastic 
modulus of the particulate phase used in the two-continuum phase model. This 
approach (combination of DPM and two-continuum phase modeling) in modeling 
fluidized beds could become a new paradigm for studying fluidization and 
processes performed in fluidized beds. 
2.  This study developed a new method for investigation of the 138 
interparticle forces in fluidized beds.  Unlike previous studies (Rietema (1977, 
1990, 1993)) in which interparticle forces could not be readily controlled or even 
adjusted, in the present study, the magnitude and orientation of the interparticle 
forces could be controlled.  The ability to generate any desired magnitude of 
interparticle forces allows us to study more precisely the influences of these forces 
on bed structure and bed performance. 
3.  This study generated the first experimental data  ever recorded for 
fluidization in microgravity. It also provided new data and empirical correlations for 
filtration operations in the G-MAFB. 
6.3  Recommendations 
For further studies, the following points are recommended: 
1.  In this study, the change of voidage distribution in the radius, r, 
direction due to the change of the magnetic force in that direction is negligible. 
However, one may want to investigate the variation of voidage in both the rand z 
directions. 
2. The modeling of the fluid jets should be included in the equation of 
motion for the fluid and particle phases for 1g applications.  For Og application, 
this is not necessary. 
3. In the filtration experiments, one may explore a wider range of particle 
sizes and experimental conditions to find an optimized state of this unit operation. 139 
4. The filtration experiments with different media particle sizes deployed 
simultaneously in the fluidized bed (the larger diameter particles at the inlet and 
the smaller diameter particles at the outlet (stratification)) may provide very useful 
design of the filtration operation in G-MAFB. 
5.  In the filtration experiments, one may include  a study of mass 
distribution inside the bed which would increase the predictability of the model. 140 
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APPENDIX A 
THE DERIVATION OF MASS AND MOMENTUM EQUATIONS 
A.1  Mass conservation equations 
A.1.1 Mass conservation equation for the fluid phase 
pfEuxL, 
Az 
x
 
Figure A.1  Stationary volume element AxAyAz through which 
fluid and particles are flowing. 
Consider the pair of faces perpendicular to the x-axis. The rate of mass in 
through the face at x is (pfeux  AyAz and the rate of mass out through the 
face at x + Ax is (pfEux)L, AyAz  .  Similar expressions may be written for the 
other two pairs of faces. 146 
Hence, a mass balance over a stationary volume element ArAyAz can be 
presented as the following: 
{rate of mass accumulation} = {rate of mass input}  {rate of mass output}  (A-1) 
apfeAxAyAz 
= AyAz [(pf Etc  (pfeux))
at  x 
+Athz [(pf Elly)  (pfeuy)  1+ AyAz[(ptut 
y+Ay  (Pfeuz)lz+i 
(A-2) 
By dividing Equation  (A-2) by A,\AyAz and taking the limit as these dimensions 
approach zero, we get 
apfE  apfEtlx  apfElly  apfEUz 
(A-3)
 at  ax  ay  az 
If p is constant, Equation A-2 can be reduced to 
aE  aeux  aEuy =  (A-4)
 at  ax ay az 
It may be written in the vector form as 
ac +vEu=o  (A-5)
at 147 
A.1.2 Mass conservation equation for the particle phase 
The particle phase is treated as a continuous phase; therefore, the 
equation of continuity for the particle phase is obtained in a similar fashion: 
a(1-6)+0(1E)V= 
0  (A-6)
at 
A.2 Momentum conservation equations 
A.2.1 Momentum conservation equation for the fluid phase 
Az 
Tr 
'Yz t+Ay 
Ay  Ax 
T1, x 
f zx 
Figure A.2  Stationary volume element AxAyAz in which 
the x-momentum component is transported through the 
surface 148 
The equation of motion for the liquid phase can be obtained as: 
{rate of momentum accumulation} = {rate of momentum in} 
{rate of momentum out} + {sum of forces acting on fluid in the system}  (A-7) 
In the x-direction, the momentum flows into and out of the control volume 
element by two mechanisms: convection (by virtue of the bulk fluid flow) and 
molecular transfer (by virtue of the velocity gradient) 
The rate at which the x-momentum component comes in through the face 
at x by the convection flow is pleuxu,  AyAz ,  and the rate at which it departs 
through the face at x + Ax is pieuxu,LAxAyAz. The rate at which it flows in at 
y is picuyux  Athz .  Similar expressions may be written for the other three 
faces. 
Therefore, the net convective x-momentum entering into the volume 
element is: 
AyAz pfEuxux  pfeuxux  )± AXAZ (PfEliyUx1  pfEtlyUx1
x+Ax  y+ Ay 
+AyAz(p  cuzux  pfc  ux  (A-8)
z+Az 
The rate at which the x -component of momentum enters through the face 
at x by molecular transport is  r1 ulx eAyAx and the rate  at which the x 
component of momentum departs through the face at x + Ax is  r,  cAyAx
x+Ax 
The rate at which it enters the face at y is viyx  EArAz .  The x-component of 149 
momentum for the remaining three faces can be obtained by similar expressions. 
The net x-momentum entering the volume element through molecular transport 
is: 
eAyAz (rfxx 
,yx  r  )+ eAyAz (ri  r 
x  'xxx+Ax)± EAICAZ  Yx yi-Ay  :+4z) 
(A-9)
 
The important forces acting on the fluid in the control volume element are 
fluid pressure, Pf  and the gravitational force, g. In addition, the fluid exerts a 
force on the particles in this control volume element. The sum of these forces is 
given by: 
EAyAz (P1 I  Pi +& )+ p  gxsAxAyAz FixEAxAyAz  (A-10) 
The rate of x-momentum accumulation within the element is 
a(p fuxe&AyAz) 
(A-11)
 at 
Dividing  the  resulting  equation  by  AxAyAz  and  taking  the  limit 
as Ax , Ay and Az approach zero, we obtain: 
( a(pfcti x)  a (p feuxux)  a (picuyux)  a(pfeuzux)' 
at ax  az ay 
\  A op az- ar 
,xx  ,yx  a r1 ,zx  x 
E  p Egx FIxE  (A-12) 
ax  az ax ay 
We can obtain the yang z momentum components using the same procedure. 150 
a(pfEuy)  a(prcuxuV) +a(p1 Et yt 1 y)  a (p,81 z14 y)
 
at ax  az
 ay 
az
I ,x),  azI ,YY  a  l- I ,z.),  aP i ,Y
E  (A-13) + +  + PiegY  Fl Ye ax  az ax ail 
a(p,cuz)  a(prcuxuz)  a(pfEuyur)  a(piguzuzr
 
at  ax
  ay  az 
ar.f,xz  ar  a ,zz  z E(  'Yz E  pI.egz  F lz E  (A-14) 
ax  az ay 
By combining Equation  (A-12) with  (A-14),  we obtain the single vector 
equation: 
a(pfel1) 
= VpieUU eVPi  E  + pfEg  El;  (A-15)
at 
With the aid of the equation of continuity, Equation  (A-15) can be written 
as: 
au pie  = 67 Pi eV r + pieg
at 
(au +(u.v)u), -Evp, -eV r +  eg  EFI  (A-16)
pfe  at 
The stress tensors can be written in terms of the velocity gradients and 
fluid properties as: 
=2,u(auxj+ 2p (V U) 
ax  3 151 
,yy  (auY 1+ 2 
aY )  3 P 
= 2,u( auz j+  ,u (V U) 
az  3 
au  au 
x Y T ,xy = z.r,vx  P 
aY  ax 
auy  au, 
r 1yz  zy  az  ay 
(au
Z  au ) 
j ,zx = rj ,x:  P  (A-17) 
ax 
A.2.2 Momentum conservation equation for the particle phase 
By using the same analogy as that for the fluid phase, the momentum 
conservation equation for the particle phase can be given as: 
ay p (1  e)(w +(V V)V). (1 E)VP,(1c)VPp(1c)V 
+pp (1 E) g + EF, + F.  (A-18) 
The term F, is the magnetic force on the particles, and the term 
(1 E)VPJ shown in the momentum conservation equation for the particle phase 
is the buoyancy reaction of the fluid on the particles. 152 
APPENDIX B
 
DERIVATION OF THE ATTRACTIVE INTERPARTICLE MAGNETIC FORCES 
Pinto-Espinoza (2002) developed a model of both total repulsive and 
attractive interparticle magnetic forces in his study.  However, in this study, I 
focus only on the attractive interparticle magnetic forces to be used in the voidage 
distribution modeling.  The details of Pinto-Espinoza's development of attractive 
forces are as follows: 
Bo 
Figure B.1  Repulsive and attractive magnetic forces between 
two ideal  dipoles under the influence of a uniform external 
magnetic field, Bo. The forces F-and Fo acting on particle 1 are of 
the same magnitude but of opposite direction. 153 
We assume that two identical magnetically susceptible particles are located 
side-by-side in a uniform magnetic field a. They are separated by a distance r, as 
shown in Figure B.1. Two magnetically susceptible particles are also assumed to 
have ideal dipoles in the calculation of the attractive forces. 
The magnetization of each particle is caused by the magnetic field at the 
particle position.  In addition, each particle is considered as a magnetic dipole 
producing a magnetic field expressed in Equation  (B-1). 
B(r, 0) = ji° m [3 sin 0 cos Oic + (2  3 sin2 0)1]  (B-1) 
47-cr2 
In this case, the particles are aligned along the vertical axis (z-direction) 
and the orientation of the dipoles is also in the z direction. The angle between the 
particles, 0, measured from the z-axis, is zero and the fields produced by the 
particles, simplified from Equation  (B-1), are: 
1-tom3 ­ B1 (r) =  (B-2)

2nr
 
1-t o m2 i
B2 (r) =  (B-3) 
27cr3 
The total dipole moment of the particles, considering the influence of the 
external magnetic field and the field induced by the other particle,  can be 
expressed as: 
ZeVp  1101112)^ DI 1=  ( 13  +  (B-4) 
°  27Er3
 µo 154 
m2  = 
Vp 
+11'n'll ji  (B-5)
27cr3 µo 
With the symmetry assumption, we can conclude that  mi = m2 = m .  The 
equation relating the dipole moment to the external field a and the distance r can 
be written as: 
xeVp  lioni 
+  (B-6)

[to  °  27cr3 
Rearranging Equation  (B-6) in terms of m, we can get 
27CX eV pB0[  r 
3 
m=  (B-7)
 
1.1.0  (27cr3 xeVp)1 
The potential energy of the two dipoles at the 0 = 0 position (both 
particles are at the z-axis) is expressed as: 
2 
_  gOin U  (B-8)
27cr3 
Substituting for m, 
27(( C eV pB0 )2
U= 
r3  l  (B-9) 
II.  (27cr 3  Xe Vp)2 
The attractive magnetic force between the two particles can be found by 
taking the negative of the derivative of Uwith respect to r, 155 
v Bo )2  27t2r5 + X eV pnr2 
Fallractive =  P  (B-10) 
1-to  (2nr3xeVp )3 
The negative sign in this equation indicates that the particles are attracted 
to each other. 156 
APPENDIX C
 
PREPRATION OF FERRO-SODIUM ALGINATE MIXTURE
 
In this section, the general procedure for preparing the ferro-sodium 
alginate mixture is described. Particle A is composed of the following materials: 
Ferromagnetic Powder  20% 
Microsphere Balloons  8% 
1.75 % Sodium Alginate Solution  72% 
In order to obtain the most uniform distribution of composition in the 
mixture, only 100 g of the suspension is prepared for each production run. The 
preparation of the ferromagnetic sodium alginate  is given by the following 
instructions: 
1.	  First, weigh 70.74 g of water and pour it into a 250 cm3 beaker. Place 
the beaker under the mixer. 
2. Weigh 1.26 g of sodium alginate powder.	  Start mixing the water and 
slowly add sodium alginate powder into the beaker. Continue mixing 
until all of the alginate powder is dissolved into the water. This is the 
1.75 % sodium alginate solution. 157 
3. Weigh 20 g of ferromagnetic powder and 8 g of microsphere balloons 
and add them to the sodium alginate solution in small increments. 
4.	  Continue mixing  all  components for about 4 hours. When the 
suspension is well mixed, pour it into the particle generator. 
5.	  Repeat step 1 to 4 for particles B, C, D, E and F by using the weight 
percents of components as shown in Table 3-4. 158 
APPENDIX D
 
PROPERTIES OF MATERIALS
 
The physical and chemical properties of sodium alginate, microsphere 
balloons, ferromagnetic powder, and Gellan gum are tabulated in Tables D.1 to 
D.4, respectively. 
Table D.1  Properties of sodium alginate powder* 
Chemical Name  Algin (Sodium Alginate)
 
Chemical Family  Polysaccharide gum
 
Bulk Density  0.8 g/cm3
 
pH as a 1% Solution  approximately neutral
 
soluble, forming a viscous solution, becoming a
 Solubility in water 
paste at a concentration of about 5%
 
Molecular Weight  range from approx. 10,000 to 200,000
 
* Sodium alginate, KELTONE® HV, was obtained from the NutraSweet Kelco Co. 
Table D.2  Physical and chemical properties of microsphere balloons** 
Chemical Compositions  70% Si02, 25%Na20, 5% B2O3
 
Density (g/cm3)  0.35
 
Median Particle Size (pm)  55 
** Microsphere balloons were obtained from Emerson & Cumine 159 
Table D.3  Composition and properties of ferromagnetic powder*** 
MnOFe2O3 45-70%
 
Chemical Composition  Fe2O3  22-55%
 
FeOFe2O3  0-0.5%
 
Bulk Density (g/cm3)  2.2 
Median Particle Size  (1um)  2 
Surface Area (cm2/g)  2.286 
Moisture %  0.01
 
Solubility in water  Negligible
 
Reactivity in water  Negligible
 
Melting Point  > 1500 C 
*** Ferromagnetic powder was obtained from StewardTM Co. 
Table D.4  Properties of Gellan Gum**** 
Chemical Name  Gel lan Gum 
Chemical Family  Polysaccharide gum
 
Bulk Density  (50 lb/cu. Ft.) 0.8 g/cm3
 
pH as a 1% Solution  approximately neutral
 
soluble, forming a viscous solution,
 
Solubility in water  becoming a paste at concentration
 
greater than about 5%
 
Molecular Weight  approximately 1,000,000
 
**** Food grade Gellan Gum, KELCOGEL® F, was obtained from CP KelcoTM 160 
APPENDIX E
 
CALIBRATION OF INSTRUMENTS
 
Every instrument used in this study was calibrated for accuracy and 
reliability. The following are the calibration procedures for each instrument. 
E.1  Gaussmeter Calibration 
The axial probe is sent to Lake Shore Cryotronics®, Inc. every two years 
for probe calibration. 
E.2  G-MAFB flowrate calibration 
The corresponding flowrates at each point on the rotameter scale are listed 
in Table E.1.  Figure E.1 represents the plot of flow velocity against the rotameter 
scale reading used in the voidage distribution experiments.  Figure E.2 shows the 
plot of the measured flow velocity from a special flow rotameter vs. the rotameter 
scale reading.  Figure E.3 shows the relationship of flow velocity and the 
rotameter scale reading used in the filtration experiments. 161 
0  20  40  60  80  100 
Rotameter Scale 
Figure E.1  Flow rotameter calibration for voidage distribution 
experiments. 
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Figure E.2  Flow rotameter calibration curve from a special 
flow meter used on board NASA's KC-135 aircraft. 162 
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Figure E.3  Flow rotameter calibration curve for filtration
 
experiments.
 
E.3  Rheostat resistance calibration 
The rheostat resistance at any reading scale was measured and Figure E.4 
represents the plot of the resistance calibration. 
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Figure E.4  Rheostat resistance calibration curve. 163 
E.4  Laser photo-diode detector calibration 
The calibration curve of concentration and voltage response is shown in 
Figure E.5. 
4.0 
y = -0.945Ln(x) + 2.148
3.5 
3.0 
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8.0  10.0  12.0 
Figure E.5  Laser photo-diode detector calibration curve. 164 
APPENDIX F
 
MAGNETIC FIELD INTENSITY
 
In the voidage distribution and filtration experiments, the magnetic field 
intensity variation along the centerline was measured.  By varying the voltage 
across the power supply, different magnetic field intensities and magnetic field 
gradients were obtained. These are summarized in Figures F.1 through F.6. 
0  5  10  15  20  25 30
 
Distance from the distributor plate [cm]
 
Figure F.1  Magnetic field intensity in the bed used in the 
voidage distribution experiments at 1.0 volt across power supply. 165 
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Figure F.2  Magnetic field intensity in the bed used in the 
voidage distribution experiments at 2.0 volts across power supply. 
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Figure F.3  Magnetic field intensity in the bed used in the 
voidage distribution experiments at 3.0 volts across power supply. 166 
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Figure F.4  Magnetic field intensity in the bed used in the 
voidage distribution experiments at 4.0 volts across power supply. 
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Figure F.5  Magnetic field intensity used for the experiments 
on board NASA's KC-135 aircraft at 1.0 volt across power supply. 167 
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Figure F.6  Magnetic field intensity in the bed used in the 
filtration experiment. 168 
APPENDIX G
 
MAGNETIC SUSCEPTIBILITY MEASUREMENT
 
The ferrite powder magnetic susceptibility is one of the most important 
parameters  in  our voidage distribution  modeling.  Therefore, we carefully 
measured the magnetic susceptibility using a modified Thermogravimetric analyzer 
(TGA), TA InstrumentTM, Inc. Model 2950. Normally, the TGA is used to trace the 
sample weight change due to decomposition, oxidation, or dehydration under 
controlled  conditions (ramping temperature or isothermal temperature with 
constant gas or air purging). The microbalance in the TGA has a resolution of 1 
pg and can measure the weight of samples up to 1g. The magnetic susceptibility 
measurement procedures are as follows: 
1.	  Load a small ceramic canister and a small basket to the weight support 
and set to zero weight (tared). 
2.	  Place a ferromagnetic particle (dp= 1 mm, 20% Fe, 9% Microsphere 
balloon and 71% of 1.75% alginate solution) on the ceramic canister 
and note the original weight. 
3.	  Insert a single solenoid coil beneath the canister and turn on the DC 
power supply to generate the magnetic field.  Measure the distance 
from the canister to the center of the solenoid and note the total 169 
weight due to the magnetic force acting on the particle toward the 
center of the solenoid. 
4.	  Vary the distance between canister and solenoid and note the total 
weight. 
The magnetic force is simply calculated by subtracting the weight of the 
ferromagnetic particle in the presence of the magnetic field from the original 
weight. The magnetic force is converted to the susceptibility of the ferromagnetic 
particle. 
A series of experiments shows that the average magnetic susceptibility of 
ferromagnetic particles  is  2.74, which translates to a ferromagnetic powder 
susceptibility of 31.98. The magnetic susceptibility for different ferrite contents 
can be obtained by the following equation: 
= volume fraction of ferromagnetic powder  X%fen.0  powder  (G-1) %particle 
The calculation of magnetic susceptibility of ferromagnetic particles is 
shown in Table G-1 and the field intensity used in this measurement is shown in 
Figure G-1. 170 
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Figure G.1  Magnetic field intensity used with the TGA 
Table G.1  Calculation of magnetic susceptibility of ferromagnetic particles 
Axial distance from  Magnetic Number of  Susceptibility the center of the coil  Force particles  , x [mm]  [N] 
1  4  0.00000755  3.18 
1  6  0.00000961  2.71 
1  8  0.00001128  2.42 
1  10  0.00001285  2.25 
3  4  0.00002286  3.21 
3  6  0.00003169  2.98 
3  8  0.00003659  2.61 
3  10  0.00004346  2.54 171 
APPENDIX H
 
VISUAL DESIGNER FLOWGRAM
 
The Flow Gram created in the Visual Designer® Software is used to process 
a voltage signal from a DASport parallel  port.  The schematic diagram of 
Flow Gram used in this study is shown in Fig. H-1. The descriptions of each icon 
are as follows: 
n., 
pAnalo Input 1  Screen Display 
T- T j 
Timer Data Storage Moving Average 
Figure H.1  Schematic diagram of Flow Gram in Visual 
Designer® software 
pAnalogInput 1:  This icon represents a unit that performs analog input data 
acquisition.  The  parameter  selections,  including  gain,  range  and  input 
configuration are listed in Table H.1. 172 
Table HA  Parameter setting on pAnalogInput 1 
R an ge Name  Device  Unit  Channel  Gain  Configuration [V] 
PCI-20450P-3x  LPT1  1  0  1  0-10  Differential 
Screen Display:  This icon is used to graphically display input buffer data in an 
x-yformat. In this study, the yscale represents the value of analog data voltages 
and x represents time. 
Moving Average: This icon is used to reduce the amount of noise from an input 
signal by averaging the past N data points. The number of average points was set 
equal to the number of data points obtained in one second, 516 points. 
Data Storage:  This block function is used to store data input to hard disk in 
tab-delimited ASCII format file. This file can be opened for rewrite or append. 
Timer:  This timer icon allows us to set the sample period and the initial time 
delay for the Data Storage icon.  In this study, we set the sample period at one 
second with no time delay. 173 
APPENDIX I
 
DIMENSIONAL ANALYSIS
 
The variables controlling the accumulation coefficient k1 in the magnetic 
fluidized bed are fluid velocity Uo, straw diameter Dp,  ferromagnetic particle 
diameter dp, density of fluid pf, density of straw pstraw, and viscosity Af.  The 
dimensions of the variables are shown in Table G.1. 
Table I.1  Dimensions of variables 
Unit  k1  Pstraw  A  dp  DP  ;If  Uo 
Mass  [M]  0  1  1  0  0  1  0 
Length [L]  0  -3  -3  1  1  -1  1 
Time  [T]  -1  0  0  0  0  -1  -1 
The dependent variable is k1. The repeating variables could be Uo, Dp and pf. 
The total number of variables, p = 7 
Number of fundamental dimensions, q = 3 
Number of dimensionless groups to be formed = p  q = 4 
The dimensionless group can be written as 
Si = a(82 S3 54) 
The first term, 81, includes the dependent variable k1.  Because k1 contains only 
the dimensions length and time, it must be combined to form  a dimensionless 
group with the repeating variables that do not contain mass, namely U0 and Dp. 174 
= ki[UoT[dp]3  (I-2) 
Replacing the variables with their dimensions, and finding the values of i and j: 
[L]' [L,  =  [LiT'T  (I-3) 
Equating powers of L and T, we get i  = -1 and j = 1. 
Therefore, 81 can  be written as 
k D 
61 =  P  (I-4)
U0 
In a similar manner, we can obtain 821  53,  and 84 as follows: 
62  PP  (I-5) = 
Pf 
D 
S3 =  P  (I-6)
dp 
Pf 
64 =  (I-7)
UoDppi 
The correlation of k1 can be written as: 
kiDp  DP  Pstr aw  pf =a  (I-8)
U0  .dP i\  p1  AtIODPlif 
Rearranging Equation  (G-8), one may get 
kiDp  Dp  b U0 Dp2 (pstraw  PT) 
(I-9)
U0  d
P  pfdp 175 
Replacing the repeating variable Dp with dp and the controlling variable At,- w with 
D1, the correlation for k2 can be written as: 
Icldp  dp  pUopijg 
U0 
= e(  (1-10) 
.131,1 176 
APPENDIX 3
 
OPTIMIZATION PROGRAM FOR EVALUATING K1 AND K2
 
A Fortran program linked with IMSL was used to find the optimized values 
of k1 and k2. The example of Fortran program is as follows: 
PROGRAM filtration 
c 
c  This program is used to calculate the change of biomass waste particles concentration 
c  in the G-MAFB 
c 
IMPLICIT NONE 
c 
INTEGER N 
PARAMETER (N=2) 
c 
INTEGER MAXFCN, IBTYPE 
REAL FTOL, FVALUE, X(N), XGUESS(N), XLB(N), XUB(N) 
EXTERNAL BCPOL, FCN 
c 
c  Initializations 
DATA XGUESS/0.001,0.003/,XLB/0.0, 0.0/, XUB/0.9, 0.01/ 
c 
FTOL = 1.0E-20 
IBTYPE = 0 
MAXFCN = 150 
c 
CALL BCPOL (FCN,N,XGUESS, IBTYPE, XLB, XUB,FTOL,MAXFCN, X,FVALUE) 
c 
c  PRINT RESULT 
PRINT 90, X(1),X(2) 
90 FORMAT (lx,F25.20,1x,F25.20) 177 
END 
c******************************************************************************** 
SUBROUTINE FCN (N, X, F) 
IMPLICIT NONE 
INTEGER N 
REAL F,X(N) 
REAL cdum(3535) 
INTEGER i,j,tm,it 
REAL C(101,130001), D(101,130001) 
REAL Dp(101,130001), e(101,130001), a(101,130001) 
REAL delx, delt, length, v, vol, flow, area, k1, k2, e0, DpO, Co, FO 
REAL straw 
INTEGER K, M, num 
c  Declare variables 
c  t  = time [s] 
c  x  = location in x-direction [m] 
c  C(x,t)  = biomass concentration in liquid at any x and t 
c  D(x,t)  = biomass concentration on the ferromagnetic surface at any x and t 
c  delx  = small interval in x 
c  delt  = small interval in z 
c  Dp  = ferromagnetic particle diameter [m] 
c  e  = voidage 
c  v  = fluid velocity [m/s] 
c  vol  = volume of holding tank [m] 
c  a  = specific surface [m2/m3 bed] 
c  area  = cross-sectional of the column [m] 
c  Co  = initial concentration [mg/m3] 
c  F  = volumetric flow rate [m3/sec] 
c  k1  = the accumulation coefficient [m3 liquid/m3 bed-s] 
c  k2  = the detachment coefficient [1 /s] 
c  N  = number of points in x-direction 
c  M  = number of points in time 
c  straw  = density of straw [kg/m3] 
c 
c  General Information 
length = 0.15 
delx  = 0.002 178 
delt  = 0.05
 
Dp0  = 0.0025
 
= 0.4585
 
v  = 0.013362642526
 
vol  = 0.006
 
area  = 3.14159265358979*0.05036**(2.0)/4.0
 
flow  = area*v
 
Co  = 0.117916184
 
straw  = 1089.6
 
k1  = X(1)
 
k2  = X(2)
 
K  = 76
 
M  = 70700
 
c  Initial condition at t = 0 for any 0<x<0.15 [m] 
C(1,1)=Co 
D(1,1)=0.0 
DO 30 i=2,K 
C(i,1)=0.0
 
D(i,1)=0.0
 
30 CONTINUE
 
C 
DO 101 i=1,K
 
Dp(i,1)=0.0025
 
e(i,1) =0.4585
 
0,1) =6.0*(1.0-0.4585)/0.0025
 
101 CONTINUE 
C
 
DO 40 j=2,M
 
DO 50 i=2,K-1
 
DO,D=D(i,j-1)+delt*(k1/a(i,j-1)*C(i,j-1)-k2*D(i,j-1)) 
D(1,j)=D(1,j-1)+delt*(k1/a(1,j-1)*C(1,j-1)-k2*D(1,j-1)) 
D(76,j)=D(76,j-1)+delt*(k1/a(76,j-1)*C(76,j-1)-k2*D(76,j-1)) 
CO,D=C( i,j-1)-delt*v/e(i,j-1)/delx*(C(i,j-1)-C(i-1,j-1)) 
&  +(3.0*C(i,j-1)*(1.0-0.4585)*Dp(i,j-1)**2.0/Dp0**3.0 
&  /straw-a(i,j-1))/e(i,j-1)*(D(i,j)-D(i,j-1)) 179 
C(76,j)=C(76,j-1)-delt*v/e(76,j-1)/delx*(C(76,j-1)-C(75,j-1))
 
&  +(3.0*C(76,j-1)*(1.0-0.4585)*Dp(76,j-1)**2.0/Dp0**3.0
 
&  /straw-a(76,j-1))/e(76,j-1)*(D(76,j)-D(76,j-1))
 
C(1,j)=C(1,j-1)+delt/vol*flow*(C(76,j-1)-C(1,j-1)) 
Dp(i,j)=0.0025+D(i,j)/1089.6
 
Dp(1,j)=0.0025+D(1,j)/1089.6
 
Dp(76,j)=0.0025+D(76,j)/1089.6
 
e(i,j)=1.0-(1.0-e0)*(Dp(i,j)/0.0025)**3.0
 
e(1,j)=1.0-(1.0-e0)*(Dp(1,j)/0.0025)**3.0
 
e(76,j)=1.0-(1.0-e0)*(Dp(76,j)/0.0025)**3.0
 
a(i,j)=6.0*(1-e(i,j))/Dp(i,j)
 
a(1,j)=6.0*(1-e(1,j))/Dp(1,j)
 
a(76,j)=6.0*(1-e(76,j))/Dp(76,j)
 
50  CONTINUE 
40 CONTINUE 
F=0.0 
OPEN (unit=1,flle=edatal.txti) 
OPEN (unit= 2,file= 'info.txt') 
READ (1,*) num
 
DO 1 j=1,num
 
READ (1,*)tm,cdum(j)
 
1	  CONTINUE 
REWIND (unit= 1) 
DO 60 i=1,num
 
it = i*20
 
F0=(cdum(i)-C(1,it))**(2.0)
 
F=F+FO
 
60 CONTINUE 
WRITE (2,80) ki, k2, F 
80 FORMAT (F15.13, 2x, F15.13, 2x, F30.10) 
RETURN 
END 180 
APPENDIX K
 
DYNAMIC PRESSURE DROP AND VOIDAGE DATA
 
Table K.1	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, dFlz/dz = -20,543 A/m/m, U0 = 0.0176 m/s, hbed = 
0.220 m, and hi, = 0.135 m 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  97.28  0.747 
0.5	  96.09  0.703 
1	  94.30  0.671 
1.5	  91.91  0.660 
2	  89.28  0.650 
2.5	  86.41  0.645 
3	  83.42  0.645 
3.5	  80.44  0.650 
4	  77.57  0.665 
4.5	  75.06  0.660 
5	  72.43  0.671 
5.5	  70.04  0.671 
6	  67.65  0.665 
6.5	  65.14  0.671 
7	  62.75  0.676 
7.5	  60.48  0.682 
8	  58.33  0.676 
8.5	  56.06  0.676 
9	  53.79  0.682 
9.5  51.64  0.676 
10  49.37  0.671 
10.5	  46.98  0.671 
11  44.59  0.660 
11.5	  41.96  0.671 
12  39.57  0.665 
12.5	  37.06  0.682 
13  34.91  0.676 
13.5	  32.64  0.689 
14  30.61  0.696 
14.5	  28.70  0.682 
15  26.55  0.682 
15.5	  24.40  0.682 
16  22.25  0.676 
16.5	  19.98  0.682 
17  17.83  0.682 
17.5	  15.68  0.682 
18  13.53  0.689 181 
18.5  11.49 
19  9.34 
19.5  7.31 
20  5.28 
20.5  3.37 
21  1.82 
21.5  0.62 
22  0.10 
0.682 
0.689 
0.689 
0.696 
0.719 
0.747 
0.828 
0.968 182 
Table K.2	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, dFlz/dz  14,663 A/m/m, U0 = 0.0222 m/s, hoed  = 
0.220 m, and hin = 0.135 m 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  66.28  0.769 
0.5	  64.85  0.743 
1  63.02	  0.732 
1.5	  60.99  0.721 
2	  58.77  0.732 
2.5	  56.75  0.728 
3	  54.66  0.739 
3.5	  52.76  0.739 
4	  50.87  0.743 
4.5	  49.04  0.747 
5	  47.28  0.739 
5.5	  45.38  0.760 
6	  43.81  0.747 
6.5	  42.05  0.760 
7	  40.48  0.739 
7.5	  38.59  0.760 
8	  37.02  0.747 
8.5	  35.26  0.760 
9	  33.69  0.755 
9.5  32.06  0.769 
10  30.62  0.755 
10.5	  28.99  0.755 
11  27.35  0.751 
11.5	  25.66  0.747 
12  23.89  0.751 
12.5	  22.19  0.751 
13  20.50  0.764 
13.5	  18.99  0.760 
14  17.43  0.760 
14.5	  15.86  0.769 
15  14.42  0.769 
15.5	  12.99  0.779 
16  11.68  0.774 
16.5	  10.31  0.779 
17	  9.00  0.774 
17.5	  7.63  0.784 
18  6.39	  0.790 
18.5	  5.21  0.801 
19	  4.17  0.808 
19.5  3.19	  0.808 
20	  2.21  0.814 
20.5	  1.29  0.837 
21	  0.57  0.886 
21.5	  0.18  0.957 
22	  0.08  0.982 183 
Table K.3	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, dFlz/dz =  18,289 A/m/m, Uo = 0.0222 m/s, hoed = 
0.205 m, and hib = 9.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  68.57  0.829 
0.5	  67.79  0.790 
1  66.61	  0.743 
1.5	  64.78  0.718 
2	  62.50  0.735 
2.5	  60.54  0.735 
3	  58.58  0.747 
3.5	  56.81  0.728 
4	  54.72  0.735 
4.5	  52.76  0.728 
5	  50.67  0.728 
5.5	  48.58  0.725 
6	  46.43  0.732 
6.5	  44.40  0.739 
7	  42.51  0.747 
7.5	  40.74  0.735 
8	  38.79  0.751 
8.5	  37.09  0.751 
9	  35.39  0.769 
9.5  33.95  0.760 
10  32.38  0.755 
10.5	  30.75  0.764 
11  29.25  0.755 
11.5	  27.62  0.755 
12  25.98  0.739 
12.5	  24.09  0.747 
13  22.33  0.751 
13.5	  20.63  0.764 
14  19.12  0.747 
14.5	  17.36  0.751 
15  15.66  0.743 
15.5	  13.83  0.747 
16  12.07  0.735 
16.5	  10.11  0.747 
17	  8.35  0.755 
17.5	  6.71  0.774 
18	  5.34  0.779 
18.5	  4.04  0.779 
19	  2.73  0.779 
19.5	  1.42  0.814 
20	  0.51  0.879 
20.5	  0.08  0.982 184 
Table K.4	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, dHjdz =  20,543 A/m/m, Uo = 0.0222 m/s, hbed = 
0.190 m, and h,n = 9.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  70.10  0.829 
0.5	  69.31  0.774 
1  67.94	  0.743 
1.5  66.11	  0.715 
2	  63.76  0.706 
2.5	  61.22  0.706 
3	  58.67  0.712 
3.5	  56.25  0.715 
4	  53.90  0.725 
4.5	  51.74  0.718 
5	  49.46  0.728 
5.5	  47.37  0.725 
6	  45.21  0.728 
6.5	  43.12  0.721 
7	  40.90  0.728 
7.5	  38.81  0.728 
8	  36.72  0.735 
8.5	  34.76  0.732 
9	  32.74  0.755 
9.5  31.10  0.755 
10  29.47  0.769 
10.5	  28.03  0.743 
11  26.21  0.751 
11.5	  24.51  0.732 
12  22.48  0.743 
12.5	  20.65  0.735 
13  18.69  0.743 
13.5	  16.86  0.751 
14  15.17	  0.760 
14.5	  13.60  0.739 
15  11.70  0.721 
15.5	  9.48  0.732 
16	  7.46  0.751 
16.5	  5.76  0.755 
17	  4.13  0.747 
17.5  2.36	  0.774 
18	  0.99  0.845 
18.5	  0.34  0.908 
19	  0.05  0.988 185 
Table K.5  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, dHjdz =  14,663 A/m/m, Uo = 0.0176 m/s, hoed  = 
0.130 m, and h,n = 6.5 cm 
Dynamic Pressure Height of the bed [cm]  Voidage Drop [Pa] 
0  46.46  0.746 
0.5  45.25  0.717 
1  43.68  0.698 
1.5  41.80  0.702 
2  39.99  0.694 
2.5  38.05  0.675 
3  35.76  0.669 
3.5  33.34  0.681 
4  31.16  0.681 
4.5  28.98  0.688 
5  26.93  0.688 
5.5  24.87  0.702 
6  23.05  0.681 
6.5  20.88  0.672 
7  18.52  0.694 
7.5  16.58  0.688 
8  14.53  0.681 
8.5  12.35  0.681 
9  10.17  0.702 
9.5  8.36  0.709 
10  6.66  0.709 
10.5  4.97  0.713 
11  3.34  0.751 
11.5  2.19  0.757 
12  1.10  0.806 
12.5  0.44  0.855 
13  0.05  0.982 186 
Table K.6	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, c11-1,/dz =  18,289 A/m/m, U0 = 0.0176 m/s, hoed = 
0.125 m, and hin = 6.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  49.00  0.718 
0.5	  47.43  0.689 
1  45.41	  0.686 
1.5	  43.32  0.672 
2	  40.97  0.655 
2.5	  38.22  0.649 
3	  35.35  0.660 
3.5	  32.74  0.672 
4	  30.39  0.672 
4.5	  28.03  0.660 
5	  25.42  0.666 
5.5	  22.94  0.666 
6	  20.46  0.660 
6.5	  17.84  0.672 
7	  15.49  0.686 
7.5	  13.40  0.693 
8	  11.44  0.693 
8.5	  9.48  0.701 
9	  7.66  0.701 
9.5	  5.83  0.709 
10	  4.13  0.701 
10.5  2.30  0.749 
11  1.12	  0.790 
11.5  0.34	  0.878 
12	  0.05  0.981 
12.5	  0.03  0.981 187 
Table K.7	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, c1F1,/dz =  20,543 A/m/m, Uo = 0.0176 m/s, hbed  = 
0.110 m, and hin = 6.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  50.21  0.711 
0.5	  48.54  0.691 
1  46.55	  0.667 
1.5	  44.08  0.650 
2	  41.21  0.651 
2.5	  38.39  0.647 
3	  35.44  0.658 
3.5	  32.77  0.650 
4	  29.90  0.656 
4.5	  27.19  0.665 
5	  24.69  0.667 
5.5	  22.22  0.671 
6	  19.83  0.669 
6.5	  17.40  0.676 
7	  15.13  0.672 
7.5	  12.78  0.678 
8	  10.55  0.674 
8.5	  8.24  0.687 
9	  6.17  0.693 
9.5	  4.21  0.691 
10	  2.22  0.734 
10.5	  0.87  0.786 
11	  0.05  0.983 188 
Table K.8	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, dHz/dz =  20,543 A/m/m, 1/0 = 0.0199 m/s, hoed  = 
0.130 m, and hin = 6.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  51.81  0.735 
0.5	  50.18  0.713 
1  48.18	  0.683 
1.5	  45.57  0.666 
2	  42.55  0.668 
2.5	  39.57  0.666 
3	  36.55  0.677 
3.5	  33.81  0.669 
4	  30.87  0.676 
4.5	  28.09  0.688 
5	  25.60  0.694 
5.5	  23.24  0.713 
6	  21.24  0.708 
6.5	  19.15  0.713 
7	  17.15  0.711 
7.5	  15.11  0.715 
8	  13.15  0.717 
8.5	  11.23  0.717 
9	  9.32  0.725 
9.5	  7.52  0.747 
10	  6.05  0.747 
10.5	  4.58  0.759 
11	  3.27  0.763 
11.5	  2.01  0.785 
12	  0.99  0.834 
12.5	  0.38  0.882 
13	  0.03  0.990 189 
Table K.9	  Experimental dynamic pressure drop and voidage of particle A in 
the G-MAFB, dFlz/dz = 33,798 A/m/m, U0 = 0.0199 m/s, hoed = 
0.115 m, and hin = 6.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0	  68.357  0.727 
0.5	  66.593  0.661 
1  63.436	  0.641 
1.5	  59.691  0.635 
2	  55.751  0.640 
2.5	  51.962  0.639 
3	  48.130  0.644 
3.5	  44.472  0.631 
4	  40.379  0.651 
4.5	  36.939  0.643 
5  33.238	  0.645 
5.5	  29.624  0.644 
6	  25.966  0.657 
6.5	  22.700  0.673 
7  19.848	  0.675 
7.5  17.061	  0.674 
8	  14.230  0.695 
8.5	  11.879  0.682 
9	  9.245  0.683 
9.5	  6.632  0.698 
10	  4.346  0.704 
10.5	  2.190  0.742 
11	  0.662  0.827 
11.5	  0.004  0.997 190 
Table K.10  Experimental dynamic pressure drop and voidage of particle B in 
the G-MAFB, d1-1,/dz = - 14,663 A/m/m, U0 = 0.0222 m/s, hbed = 
0.187 m, and h,n = 13.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0  236.10  0.641 
0.5	  232.45  0.606 
1  227.56	  0.589 
1.5	  221.90  0.575 
2  215.50  0.572 
2.5	  208.97  0.564 
3  201.93  0.560 
3.5	  194.65  0.558 
4  187.23  0.570 
4.5	  180.58  0.562 
5  173.42  0.570 
5.5	  166.76  0.566 
6  159.85  0.577 
6.5	  153.57  0.570 
7  146.91  0.566 
7.5	  140.01  0.568 
8  133.22  0.570 
8.5	  126.56  0.566 
9  119.66  0.564 
9.5  112.62  0.566 
10  105.71  0.570 
10.5	  99.06  0.564 
11  92.02  0.572 
11.5	  85.49  0.577 
12  79.21  0.572 
12.5	  72.68  0.570 
13  66.02  0.570 
13.5	  59.36  0.575 
14  52.96  0.575 
14.5	  46.55  0.577 
15  40.27  0.587 
15.5	  34.49  0.579 
16  28.34  0.582 
16.5	  22.31  0.577 
17  16.03  0.572 
17.5  9.50	  0.592 
18	  3.97  0.659 
18.5	  0.83  0.812 
18.7	  0.05  0.986 191 
Table K.11	  Experimental dynamic pressure drop and voidage of particle B in 
the G-MAFB, dFlz/dz = - 18,289 A/m/m, Uo = 0.0222 m/s, hbed = 
0.178 m, and hin = 13.5 cm 
Dynamic Pressure Height of the bed [cm]	  voidage Drop [Pa] 
0  237.18  0.646 
0.5	  233.66  0.606 
1  228.76	  0.582 
1.5	  222.73  0.572 
2  216.20  0.570 
2.5	  209.54  0.568 
3  202.76  0.556 
3.5	  195.22  0.556 
4  187.69  0.550 
4.5	  179.77  0.560 
5  172.49  0.562 
5.5	  165.33  0.560 
6  158.04  0.556 
6.5	  150.51  0.554 
7  142.84  0.562 
7.5	  135.68  0.560 
8  128.40  0.562 
8.5	  121.24  0.562 
9  114.08  0.562 
9.5  106.92  0.566 
10  100.01  0.568 
10.5	  93.23  0.568 
11  86.44  0.570 
11.5	  79.79  0.579 
12  73.63  0.572 
12.5	  67.10  0.575 
13  60.69  0.568 
13.5	  53.91  0.572 
14  47.38  0.570 
14.5	  40.72  0.570 
15  34.07  0.568 
15.5	  27.28  0.570 
16  20.63  0.566 
16.5	  13.72  0.570 
17	  7.06  0.613 
17.5	  2.41  0.695 
17.8	  0.10  0.974 192 
Table K.12  Experimental dynamic pressure drop and voidage of particle B in 
the G-MAFB, c11-1,/dz = - 20,543 A/m/m, 1i  = 0.0222 m/s, hbed = 
0.165 m, and h,,, = 13.5 cm 
Dynamic Pressure Height of the bed [cm]	  Voidage Drop [Pa] 
0  237.35  0.636 
0.5	  233.54  0.600 
1  228.37	  0.570 
1.5	  221.70  0.563 
2  214.62  0.559 
2.5	  207.27  0.554 
3  199.65  0.550 
3.5	  191.76  0.546 
4  183.60  0.552 
4.5	  175.84  0.550 
5  167.95  0.559 
5.5	  160.60  0.561 
6  153.39  0.559 
6.5	  146.04  0.554 
7  138.42  0.561 
7.5	  131.21  0.554 
8  123.59  0.556 
8.5	  116.10  0.548 
9  108.07  0.554 
9.5  100.45  0.556 
10  92.97  0.548 
10.5	  84.94  0.548 
11  76.91  0.554 
11.5	  69.29  0.552 
12  61.53  0.548 
12.5	  53.51  0.550 
13  45.61  0.559 
13.5	  38.27  0.554 
14  30.64  0.559 
14.5	  23.30  0.568 
15  16.49  0.559 
15.5	  9.14  0.588 
16	  3.43  0.652 
16.5	  0.11  0.972 193 
Table K.13  Experimental dynamic pressure drop and voidage of particle B in 
the G-MAFB, c1F1,/dz =  20,543 A/m/m, Uo = 0.0222 m/, hoed 
0.217 m, and h,n = 17.0 cm 
Dynamic Pressure Height of the bed [cm]	  voidage Drop [Pa] 
0  292.90  0.635 
0.5	  289.07  0.591 
1  283.49	  0.568 
1.5	  276.70  0.554 
2  269.04  0.548 
2.5	  261.03  0.546 
3  252.84  0.548 
3.5	  244.83  0.548 
4  236.81  0.554 
4.5	  229.15  0.556 
5  221.66  0.559 
5.5	  214.35  0.559 
6  207.03  0.556 
6.5	  199.54  0.559 
7  192.22  0.551 
7.5	  184.39  0.556 
8  176.90  0.556 
8.5	  169.41  0.562 
9  162.27  0.556 
9.5  154.78  0.559 
10  147.46	  0.559 
10.5	  140.14  0.562 
11  133.00  0.571 
11.5	  126.38  0.568 
12  119.59  0.568 
12.5	  112.80  0.577 
13  106.53  0.568 
13.5	  99.74  0.571 
14  93.12  0.568 
14.5	  86.32  0.574 
15  79.88  0.568 
15.5	  73.09  0.571 
16  66.47  0.574 
16.5	  60.02  0.568 
17  53.23  0.565 
17.5	  46.26  0.571 
18  39.64  0.577 
18.5	  33.37  0.574 
19  26.93  0.587 
19.5	  21.18  0.580 
20  15.08  0.587 
20.5  9.34  0.599 
21  4.11	  0.673 
21.5	  1.32  0.763 
21.7	  0.07  0.981 194 
APPENDIX L
 
FILTRATION EXPERIMENTAL DATA
 
Table L.1	  Filtration experimental data in Figure 5.30, cip  = 2.5 mm, 
4, = 73.52 vtrn, Co- 0.12 [mg/cm3], and hbed  = 0.20 m 
Time  Biomass waste concentration [mg/cm3] 
[sec]  U0 = 0.00541 m/s  Uo  = 0.00787 m/s  U0 = 0.01109 m/s
 
0  0.1200  0.1219  0.1184
 
120  0.0966  0.0888  0.0712
 
240  0.0879  0.0662  0.0497
 
360  0.0695  0.0504  0.0370
 
480  0.0569  0.0408  0.0282
 
600  0.0427
  0.0322  0.0219
 
720  0.0353  0.0270  0.0173
 
840  0.0297  0.0209  0.0148
 
960  0.0239
  0.0178  0.0134
 
1080  0.0224  0.0147  0.0112
 
1200  0.0161  0.0143  0.0090
 
1320  0.0150  0.0104  0.0085
 
1440  0.0136  0.0073
  0.0086
 
1560  0.0121  0.0071  0.0076
 
1680  0.0087  0.0079  0.0084
 
1800  0.0076  0.0067  0.0084
 
1920  0.0076  0.0066  0.0090
 
2040  0.0058
  0.0079  0.0095
 
2160  0.0072  0.0066  0.0087
 
2280  0.0073  0.0067  0.0088
 
2400  0.0066  0.0063  0.0088
 
2520  0.0068  0.0064  0.0082
 
2640  0.0056  0.0068  0.0073
 
2760  0.0077  0.0062  0.0062
 
2880  0.0062  0.0064  0.0065
 
3000  0.0057  0.0067  0.0069
 
3120  0.0064  0.0068  0.0071
 
3240  0.0052  0.0067  0.0059
 
3360  0.0052  0.0066  0.0079
 
3480  0.0055  0.0066  0.0073
 
3600  0.0076  0.0068  0.0064
 
3720  0.0050  0.0064  0.0068 
3840  0.0060  0.0063  0.0067 195 
Table L.2  Filtration experimental data in Figure 5.31, dp = 2.5 mm, 
Dp = 73.52 ll-n, Co - 0.33 [mg/cm3] and hoed = 0.20 m 
Time 
[sec]  1/0 =  0.00541 m/s 
0  0.3491 
120  0.3033 
240  0.2318 
360  0.1919 
480  0.1669 
600  0.1377 
720  0.1073 
840  0.0820 
960  0.0724 
1080  0.0663 
1200  0.0547 
1320  0.0441 
1440  0.0379 
1560  0.0340 
1680  0.0306 
1800  0.0298 
1920  0.0242 
2040  0.0248 
2160  0.0232 
2280  0.0213 
2400  0.0210 
2520  0.0184 
2640  0.0148 
2760  0.0140 
2880  0.0111 
3000  0.0099 
3120  0.0086 
3240  0.0082 
3360  0.0070 
3480  0.0065 
3600  0.0058 
3720  0.0067 
3840  0.0066 
Biomass waste concentration [mg/cm3] 
U0 =  0.00787 m/s  U0 = 0.01109 m/s  U0 = 0.01336 m/s 
0.3542  0.3610  0.3166 
0.2784  0.2176  0.1864 
0.1843  0.1459  0.1129 
0.1502  0.1063  0.0703 
0.1067  0.0696  0.0454 
0.0791  0.0448  0.0333 
0.0562  0.0358  0.0254 
0.0407  0.0280  0.0194 
0.0306  0.0219  0.0140 
0.0225  0.0248  0.0155 
0.0181  0.0233  0.0144 
0.0142  0.0179  0.0148 
0.0130  0.0135  0.0159 
0.0115  0.0119  0.0150 
0.0104  0.0132  0.0151 
0.0109  0.0136  0.0139 
0.0107  0.0122  0.0111 
0.0121  0.0115  0.0104 
0.0111  0.0124  0.0087 
0.0094  0.0088  0.0080 
0.0090  0.0077  0.0074 
0.0071  0.0073  0.0074 
0.0051  0.0085  0.0075 
0.0029  0.0083  0.0080 
0.0009  0.0073  0.0074 
0.0026  0.0078  0.0078 
0.0014  0.0077  0.0081 
0.0015  0.0082  0.0074 
0.0028  0.0081  0.0076 
0.0033  0.0089  0.0083 
0.0039  0.0080  0.0078 
0.0054  0.3610  0.0075 
0.0060  0.2176  0.0079 196 
Table L.3  Filtration experimental data in Figure 5.32, dp= 2.5 mm, 
Dp= 73.52 grrl, Co- 0.51 [mg/cm3] and hoed  = 0.20 m 
Time 
[sec]  U0 = 0.00541 m/s 
0  0.5333
 
120  0.4292
 
240
  0.3361
 
360
  0.2629
 
480
  0.2358
 
600
  0.1832
 
720
  0.1555
 
840
  0.1394
 
960
  0.1183
 
1080  0.0895
 
1200  0.0681
 
1320  0.0553
 
1440
  0.0417 
1560  0.0338 
1680  0.0274 
1800  0.0265 
1920  0.0176 
2040  0.0146 
2160  0.0122 
2280  0.0078 
2400  0.0062 
2520  0.0048 
2640  0.0049 
2760  0.0052 
2880  0.0049 
3000  0.0055 
3120  0.0064 
3240  0.0069 
3360  0.0083 
3480  0.0073 
3600  0.0084 
3720  0.0085 
3840  0.0077 
Biomass waste concentration [mg/cm3] 
U0 = 0.00787 m/s  U0 =  0.01109 m/s  U0 =  0.01336 m/s 
0.5417  0.4745  0.4745 
0.4183  0.3366  0.2760 
0.2800  0.2132  0.1749 
0.2133  0.1383  0.1122 
0.1690  0.0962  0.0780 
0.1172  0.0672  0.0537 
0.0834  0.0497  0.0355 
0.0643  0.0348  0.0217 
0.0437  0.0302  0.0184 
0.0355  0.0225  0.0130 
0.0293  0.0178  0.0115 
0.0279  0.0127  0.0137 
0.0222  0.0102  0.0155 
0.0209  0.0089  0.0145 
0.0180  0.0082  0.0163 
0.0152  0.0078  0.0179 
0.0145  0.0083  0.0181 
0.0146  0.0079  0.0160 
0.0154  0.0074  0.0148 
0.0163  0.0082  0.0143 
0.0162  0.0079  0.0140 
0.0146  0.0074  0.0109 
0.0129  0.0076  0.0096 
0.0123  0.0079  0.0092 
0.0128  0.0073 
0.0123  0.0069 
0.0117  0.0083 
0.0112  0.0075 
0.0112 
0.0124 
0.0107 
0.0095 
0.0089 197 
0 
Table L.4  Filtration experimental data in Figure 5.33, go  = 2.5 mm, 
Di, = 114.68 um, Co- 0.30 [mg /cm3], and hoed = 0.15 m 
Biomass waste concentration [mg/cm3] Time [sec] 
1/0 = 0.00541 m/s 
0.3022
 
120  0.2313
 
240  0.1666
 
360  0.1134
 
480  0.0931
 
600  0.0650
 
720  0.0489
 
840  0.0412
 
960  0.0393
 
1080  0.0333
 
1200  0.0260
 
1320  0.0212
 
1440  0.0195
 
1560  0.0158
 
1680  0.0158
 
1800  0.0130
 
1920  0.0132
 
2040  0.0115
 
2160  0.0110
 
2280  0.0109
 
2400  0.0103
 
2520  0.0098
 
2640  0.0099
 
2760  0.0097
 
2880  0.0098
 
3000  0.0095
 
3120  0.0099
 
3240  0.0095
 
3360  0.0095
 198 
0 
Table L.5  Filtration experimental data in Figure 5.34, dp  = 2.5 mm, 
Dp = 114.68 [trn, Co - 0.22 [mg/cm3], and ',bed = 0.15 m 
Biomass waste concentration [mg/cm3] Time [sec] 
U0 = 0.00541 m/s 
0.2298
 
120  0.1489
 
240  0.1155
 
360  0.0758
 
480  0.0460
 
600  0.0343
 
720  0.0239
 
840  0.0172
 
960  0.0173
 
1080  0.0133
 
1200  0.0117
 
1320  0.0108
 
1440  0.0100
 
1560  0.0080
 
1680  0.0083
 
1800  0.0077
 
1920  0.0078
 
2040  0.0080
 
2160  0.0082
 
2280  0.0079
 
2400  0.0079
 
2520  0.0077
 
2640  0.0076
 
2760  0.0078
 
2880  0.0076
 
3000  0.0078
 
3120  0.0076
 
3240  0.0076
 
3360  0.0076
 199 
Table L.6  Filtration experimental data in Figure 5.35, di, = 3.5 mm, 
Di, = 73.52 pan, Co- 0.18 [mg/cm3], and hoed = 0.20 m 
Time 
[sec]  U0 = 0.00541 m/s 
0  0.1780 
120  0.1641 
240  0.1406 
360  0.1225 
480  0.1012 
600  0.0859 
720  0.0642 
840  0.0521 
960  0.0491 
1080  0.0443 
1200  0.0383 
1320  0.0364 
1440  0.0273 
1560  0.0256 
1680  0.0226 
1800  0.0167 
1920  0.0128 
2040  0.0150 
2160  0.0228 
2280  0.0220 
2400  0.0258 
2520  0.0246 
2640  0.0243 
2760  0.0201 
2880  0.0156 
3000  0.0120 
3120  0.0087 
3240  0.0078 
3360  0.0066 
3480  0.0077 
3600  0.0082 
3720  0.0078 
3840  0.0088 
Biomass waste concentration [mg/cm3] 
Uo = 0.00787 m/s  U0 =  0.01109 m/s  U0 = 0.01336 m/s 
0.1765  0.1282  0.1825 
0.1358  0.0955  0.1086 
0.1046  0.0664  0.0764 
0.0815  0.0373  0.0447 
0.0696  0.0282  0.0366 
0.0581  0.0169  0.0148 
0.0416  0.0100  0.0088 
0.0281  0.0081  0.0079 
0.0271  0.0052  0.0071 
0.0249  0.0031  0.0074 
0.0203  0.0045  0.0069 
0.0178  0.0064  0.0065 
0.0194  0.0079  0.0084 
0.0233  0.0076  0.0082 
0.0242  0.0062  0.0086 
0.0248  0.0074  0.0086 
0.0258  0.0078  0.0072 
0.0221  0.0092  0.0091 
0.0204  0.0089  0.0062 
0.0171  0.0073  0.0052 
0.0165  0.0079  0.0076 
0.0135  0.0087  0.0067 
0.0076  0.0074  0.0076 
0.0049  0.0070  0.0087 
0.0042  0.0064  0.0129 
0.0057  0.0085  0.0075 
0.0057 
0.0077 
0.0124 
0.0143 
0.0167 
0.0156 
0.0167 200 
Table L7  Filtration experimental data in Figure 5.36, dp = 3.5 mm, 
Di, = 73.52 gm, Co - 0.35 [mg/cm3], and hoed = 0.20 m 
Time 
[sec]  Uo = 0.00541 m/s 
0  0.3702
 
120  0.3028
 
240  0.2686
 
360  0.2168
 
480  0.1810
 
600  0.1679
 
720  0.1419
 
840  0.1073
 
960  0.0976
 
1080  0.0907 
1200  0.0865 
1320  0.0679 
1440  0.0676 
1560  0.0625 
1680  0.0520 
1800  0.0493 
1920  0.0461 
2040  0.0391 
2160  0.0346 
2280  0.0308 
2400  0.0295 
2520  0.0233 
2640  0.0178 
2760  0.0140 
2880  0.0112 
3000  0.0087 
3120  0.0099 
3240  0.0058 
3360  0.0064 
3480  0.0101 
3600  0.0072 
3720  0.0123 
3840  0.0145 
3600  0.0166 
3720  0.0140 
3840  0.0164 
3960  0.0138 
4080  0.3702 
4200  0.3028 
4320  0.2686 
Biomass waste concentration [mg/cm3] 
Uo = 0.00787 m/s  Uo =  0.01109 m/s  Uo =  0.01336 m/s 
0.3546  0.3629  0.3533 
0.2803  0.2790  0.2416 
0.2300  0.1911  0.1932 
0.1812  0.1558  0.1233 
0.1418  0.1193  0.0902 
0.1064  0.0893  0.0821 
0.0742  0.0814  0.0791 
0.0633  0.0634  0.0673 
0.0550  0.0601  0.0535 
0.0538  0.0558  0.0450 
0.0511  0.0427  0.0339 
0.0420  0.0391  0.0275 
0.0283  0.0325  0.0238 
0.0189  0.0267  0.0182 
0.0134  0.0235  0.0204 
0.0140  0.0159  0.0231 
0.0162  0.0116  0.0306 
0.0217  0.0103  0.0326 
0.0252  0.0085  0.0304 
0.0259  0.0091  0.0202 
0.0234  0.0074  0.0137 
0.0171  0.0066  0.0104 
0.0103  0.0062  0.0115 
0.0014  0.0082  0.0149 
0.0017  0.0093  0.0214 
0.0081  0.0108  0.0248 
0.0108  0.0101  0.0239 
0.0116  0.0094  0.0202 
0.0127  0.0103  0.0175 
0.0119  0.0117  0.0108 
0.0108  0.0125  0.0094 
0.0093  0.0114  0.0120 
0.0015  0.3629  0.3533 
0.2790  0.2416 
0.1911  0.1932 201 
Table L.8  Filtration experimental data in Figure 5.37, dp = 3.5 mm, 
4, = 73.52 pm, Co - 0.53 [mg/cm3], and hbed = 0.20 m 
Biomass waste concentration [mg/cm3] Time [sec] 
Uo = 0.00541 m/s  U0 = 0.00787 m/s  U0 = 0.01109 m/s 
0  0.5363  0.5340  0.5242 
120  0.4449  0.3973  0.3571 
240  0.3553  0.3075  0.2596 
360  0.3152  0.2412  0.1940 
480  0.2709  0.1915  0.1432 
600  0.2325  0.1614  0.1329 
720  0.2125  0.1348  0.1130 
840  0.1781  0.0961  0.0979 
960  0.1474  0.0848  0.0838 
1080  0.1377  0.0611  0.0661
 
1200  0.1178  0.0572  0.0543
 
1320  0.1042  0.0598  0.0439
 
1440  0.0945  0.0517  0.0482
 
1560  0.0955  0.0535  0.0492
 
1680  0.0867  0.0486  0.0514
 
1800  0.0927  0.0416  0.0542
 
1920  0.0892  0.0372  0.0474
 
2040  0.0739  0.0287  0.0359
 
2160  0.0618  0.0281  0.0253
 
2280  0.0512  0.0187  0.0224
 
2400  0.0482  0.0139  0.0279
 
2520  0.0353  0.0109  0.0368
 
2640  0.0349  0.0091  0.0408
 
2760  0.0346  0.0107  0.0437
 
2880  0.0366  0.0095  0.0363
 
3000  0.0395  0.0094  0.0310
 
3120  0.0448  0.0138  0.0237
 
3240  0.0474  0.0198  0.0227
 
3360  0.0457  0.0129  0.0219
 
3480  0.0439  0.0164  0.0250
 
3600  0.0358  0.0243  0.0321
 
3720  0.0373  0.0263  0.0369
 
3840  0.0272  0.0238  0.0417
 
3600  0.0297  0.0247  0.0417
 
3720  0.0223  0.0265  0.0375
 
3840  0.0241  0.0259  0.0295
 
3960  0.5363  0.5340  0.0222
 
4080  0.4449  0.3973  0.5242
 
4200  0.3553  0.3075  0.3571
 
4320  0.2596
 202 
0 
Table L.9  Filtration experimental data in Figure 5.38, di, = 3.5 mm, 
Dp = 114.68 pirn, Co - 0.20 [mg/cm3], and hoed = 0.15 m 
Biomass waste concentration [mg/cm3] Time [sec] 
Uo = 0.00825 m/s  Uo = 0.01109 m/s  U0 = 0.01336 m/s 
0.2030  0.1915  0.2048 
120  0.1476  0.1317  0.1515 
240  0.1086  0.0995  0.0878 
360  0.0773  0.0630  0.0599 
480  0.0730  0.0474  0.0446 
600  0.0423  0.0374  0.0340 
720  0.0345  0.0272  0.0268 
840  0.0266  0.0196  0.0212 
960  0.0241  0.0169  0.0194 
1080  0.0224  0.0163  0.0180 
1200  0.0150  0.0142  0.0173 
1320  0.0117  0.0153  0.0148 
1440  0.0103  0.0134  0.0129 
1560  0.0115  0.0109  0.0130 
1680  0.0102  0.0104  0.0111 
1800  0.0097  0.0110  0.0109 
1920  0.0093  0.0098  0.0122
 
2040  0.0098  0.0096  0.0115
 
2160  0.0093  0.0098  0.0117
 
2280  0.0086  0.0102  0.0117
 
2400  0.0098  0.0098  0.0108
 
2520  0.0090  0.0096  0.0104
 
2640  0.0089  0.0096  0.0103
 
2760  0.0078  0.0094  0.0108
 
2880  0.0081  0.0096  0.0107
 
3000  0.0083  0.0096  0.0103
 
3120  0.0077  0.0093  0.0114
 
3240  0.0076  0.0093  0.0105
 
3360  0.0081  0.0094  0.0106
 
3480  0.0076  0.0093  0.0099
 
3600  0.0084  0.0094  0.0100
 
3720  0.0076  0.0093  0.0100
 
3840  0.0080  0.0094  0.0102
 
3600  0.1915  0.2048
 
3720  0.1317  0.1515
 
3840  0.0995  0.0878
 203 
Table L.10  Filtration experimental data in Figure 5.39, dp = 3.5 mm, 
Dp = 114.68 1.1m, Co - 0.31 [mg/cm3], and hoed = 0.15 m 
Time 
[sec]  U0 =  0.00541 m/s 
0  0.2875 
120  0.2590 
240  0.2039 
360  0.1678 
480  0.1378 
600  0.1171 
720  0.0852 
840  0.0592 
960  0.0518 
1080  0.0360 
1200  0.0322 
1320  0.0224 
1440  0.0278 
1560  0.0252 
1680  0.0199 
1800  0.0188 
1920  0.0176 
2040  0.0173 
2160  0.0128 
2280  0.0117 
2400  0.0122 
2520  0.0107 
2640  0.0084 
2760  0.0086 
2880  0.0077 
3000  0.0080 
3120  0.0086 
3240  0.0077 
3360  0.0081 
3480  0.0075 
3600  0.0080 
3720  0.0073 
3840  0.0083 
3600  0.2875 
3720  0.2590 
3840  0.2039 
Biomass waste concentration [mg/cm3] 
U0 = 0.00825 m/s  U0 = 0.01109 m/s  U0 = 0.01336 m/s 
0.2623  0.3162  0.3344 
0.2171  0.2274  0.2304 
0.1664  0.1665  0.1572 
0.1221  0.1356  0.1093 
0.1072  0.1019  0.0789 
0.0823  0.0902  0.0714 
0.0584  0.0654  0.0561 
0.0482  0.0492  0.0448 
0.0385  0.0394  0.0375 
0.0328  0.0288  0.0362 
0.0263  0.0321  0.0325 
0.0180  0.0265  0.0286 
0.0180  0.0254  0.0273 
0.0186  0.0224  0.0239 
0.0148  0.0184  0.0195 
0.0142  0.0168  0.0191 
0.0137  0.0138  0.0173 
0.0154  0.0124  0.0145 
0.0111  0.0124  0.0154 
0.0100  0.0138  0.0153 
0.0099  0.0107  0.0131 
0.0102  0.0101  0.0133 
0.0104  0.0108  0.0134 
0.0096  0.0108  0.0122 
0.0096  0.0110  0.0129 
0.0100  0.0101  0.0128 
0.0101  0.0090  0.0131 
0.0092  0.0100  0.0115 
0.0092  0.0098  0.0120 
0.0084  0.0098  0.0116 
0.0090  0.0097  0.0123 
0.0094  0.0093  0.0113 
0.0087  0.0089  0.0108 
0.2623  0.3162  0.3344 
0.2171  0.2274  0.2304 
0.1664  0.1665  0.1572 204 
Table L.11  Filtration experimental data in Figure 5.40, dp = 3.5 mm, 
4, = 114.68 1.1.M, Co - 0.40 [mg/cm3], and hoed = 0.15 m 
Time 
[sec]  U0 =  0.00541 m/s 
0  0.3805
 
120  0.3445
 
240  0.2940
 
360  0.2250
 
480  0.1741
 
600  0.1325
 
720  0.1099
 
840  0.0952
 
960  0.0747
 
1080  0.0578 
1200  0.0442 
1320  0.0360 
1440  0.0355 
1560  0.0311 
1680  0.0229 
1800  0.0185 
1920  0.0144 
2040  0.0143 
2160  0.0152 
2280  0.0145 
2400  0.0132 
2520  0.0101 
2640  0.0097 
2760  0.0085 
2880  0.0095 
3000  0.0088 
3120  0.0089 
3240  0.0084 
3360  0.0077 
3480  0.0072 
3600  0.0071 
3720  0.0071 
3840  0.0074 
3600  0.3805 
3720  0.3445 
3840  0.2940 
Biomass waste concentration [mg/cm3] 
U0 =  0.00825 m/s  U0 = 0.01109 m/s  U0 = 0.01336 m/s 
0.4009  0.4186  0.4083 
0.3170  0.2991  0.2910 
0.2344  0.2288  0.2034 
0.1820  0.1534  0.1677 
0.1439  0.1351  0.1136 
0.1102  0.0939  0.0903 
0.0783  0.0808  0.0891 
0.0618  0.0583  0.0717 
0.0478  0.0417  0.0620 
0.0393  0.0369  0.0499 
0.0399  0.0314  0.0401 
0.0332  0.0303  0.0406 
0.0291  0.0262  0.0279 
0.0262  0.0275  0.0293 
0.0169  0.0241  0.0231 
0.0131  0.0258  0.0194 
0.0135  0.0231  0.0227 
0.0129  0.0185  0.0174 
0.0147  0.0163  0.0195 
0.0129  0.0150  0.0168 
0.0123  0.0142  0.0196 
0.0109  0.0113  0.0172 
0.0107  0.0116  0.0198 
0.0090  0.0115  0.0171 
0.0084  0.0108  0.0174 
0.0084  0.0107  0.0176 
0.0088  0.0104  0.0154 
0.0085  0.0099  0.0150 
0.0088  0.0112  0.0146 
0.0086  0.0098  0.0144 
0.0082  0.0110  0.0129 
0.0083  0.0099  0.0123 
0.0078  0.0100  0.0106 
0.4009  0.4186  0.4083 
0.3170  0.2991  0.2910 
0.2344  0.2288  0.2034 